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Abstract 
 
Atmospheric CO2 concentrations and temperatures are predicted to increase 
dramatically during this century. Changes in these environmental factors may impact 
insect herbivore physiology, abundance and community structure. In general, 
elevated CO2 (CE) reduces foliar nitrogen concentrations while increasing the carbon 
to nitrogen ratio. These changes in foliar chemistry often result in slower 
development and increased mortality of insect herbivores. Elevated temperatures 
(TE) can directly accelerate the development of insects by increasing their metabolic 
rates. TE may also indirectly impact insect herbivores through plant-mediated effects. 
CE and TE may have opposing or interactive effects on insect herbivores, so it is 
important to understand how concurrent changes to these two climate change factors 
impact herbivorous insects. Further to this, the impact of CE on insect herbivores and 
insect-mediated processes (such as herbivory and nutrient transfer) is rarely 
quantified in mature forests. Field sites present the opportunity to understand how 
insects in complex environments respond to CE under conditions that are difficult to 
simulate in greenhouse environments. 
 
The main and interactive effects of CE and TE were examined for an insect herbivore 
feeding on two different Eucalyptus species (chapter 2). Paropsis atomaria 
(Coleoptera: Chrysomelidae) fed on the flush leaves of either Eucalyptus tereticornis 
or Eucalyptus robusta in a greenhouse. CE reduced the nutritional quality of both 
Eucalyptus species, while TE increased foliar concentration of nitrogen in E. robusta 
only. Larval developmental time and leaf consumption increased while female pupal 
weight decreased at CE via plant-mediated effects. Larval survival increased at CE on 
E. robusta but decreased on E. tereticornis. TE only accelerated larval developmental 
time. No interactive effects between CE and TE were observed in this study indicating 
CE is a stronger driver of changes in insect growth and survival via plant-mediated 
effects than TE under the experimental conditions in this study. 
 
As an extension to examining the effects of CE and TE on the growth and 
development of an insect herbivore, the immune response of P. atomaria was also 
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assessed when it was feeding on E. tereticornis under CE and TE conditions (chapter 
3). The cellular (melanisation) and humoral (phenoloxidase or PO activity) 
components of the insect’s immune response to the implantation of a nylon filament 
was assessed and linked to changes in leaf chemistry. Haemolymph protein content 
and PO activity decreased at CE, however, the melanisation response increased at CE. 
TE had no effect on any immune parameters. Complex interactions of immune 
responses such as these occurring at CE may alter the outcomes of parasitoid or 
pathogen attack.  
 
Based on results obtained from these greenhouse studies (chapter 2 and 3), two field 
experiments were undertaken within a mature Eucalyptus woodland undergoing CO2 
fumigation to investigate the effect of CE on herbivory and insect-mediated nutrient 
transfer. The impact of CE on insect-mediated nutrient cycling over two years at the 
Eucalyptus free-air enrichment (EucFACE) site is reported in chapter 4. CE did not 
impact the quantity or chemical composition of frass deposited at the site nor did it 
affect foliar nitrogen. Frass deposition showed a positive-lagged correlation with 
precipitation and average maximum temperatures likely linked to leaf phenology. CE 
may have a limited effect on insect-mediated nutrient cycling of mature forests in the 
short-term as the response of mature trees to CE may be lagged. 
 
The effect of CE on herbivory at the EucFACE site, and the role of leaf phenology on 
herbivory are reported in chapter 5. Young expanding leaves sustained significantly 
greater damage compared to fully-expanded or mature leaves. Thus, the availability 
of young expanding leaves drove monthly variations in leaf consumption. CE had no 
effect on leaf consumption or leaf age preference by herbivorous insects. Leaf 
phenology may be a significant factor in determining insect herbivory in 
sclerophyllous forests. Alterations in leaf phenology as a result of climate change 
may negatively impact insect herbivores particularly if insect phenology is 
synchronised with leaf phenology. 
 
The results of this Ph.D. research contribute to the understanding of (a) the main and 
interactive effects of CE and TE on the growth, development and immunity of insect 
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herbivores; (b) the role of host-plant species in altering the response of insect 
herbivores to CE and TE; (c) the impact of CE on insect-mediated forest nutrient 
cycling and the interaction with rainfall and temperature; (d) the influence of leaf 
phenology and CE on leaf consumption. This work provides important information 
for the predictions of insect responses to CE and TE and this information is essential 
for the modelling of ecosystem responses. Results obtained from greenhouse studies 
in this thesis indicate insect herbivores may find refuge from the negative effects of 
CE in some growth, development and immunity traits particularly if they inhabit 
mixed-species forests. Furthermore, strong effects of CE on individuals of an 
important insect herbivore species of the EucFACE site in greenhouse experiments 
were not confirmed at herbivore community scales in the field due to complex 
interactions which may be unique to mature nutrient-limited forests. 
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Chapter 1  
General introduction 
 
The concentration of atmospheric carbon dioxide ([CO2]) has steadily been rising 
since the industrial revolution and is predicted to double by the end of the century 
(IPCC 2013). Due to radiative forcing, mean global surface temperatures have also 
been rising over this period (IPCC 2013). In Australia, mean temperature has risen 
by approximately 0.9 °C since 1910 and is projected to increase by 2 to 5 °C by 2070 
(CSIRO and the Australian Bureau of Meteorology 2014). The combined rise in 
[CO2] and temperature may alter leaf chemistry, quantity and structure and this may 
have negative flow-on effects for insect herbivores feeding on these leaves (Stiling 
and Cornelissen 2007). Insect herbivores play essential roles in the structure and 
functioning of ecosystems, and short-term nutrient cycling. Due to their outbreak 
potential, some insect herbivores are also significant economic and ecological pest 
species (Barbosa et al. 2012). The diversity and abundance of insect herbivores can 
depend on leaf resource availability but also on foliar quality such as concentrations 
of foliar primary (e.g. amino acids, proteins and carbohydrates) and secondary 
compounds (e.g. phenolics) as well as the physical properties of leaves (Stiling and 
Cornelissen 2007, Robinson et al. 2012). Thus, alterations in atmospheric [CO2] and 
temperature may significantly impact ecosystem productivity and functioning by 
potentially influencing insect population dynamics mediated by changes in foliar 
chemistry.  
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Limited information is available about the impact of elevated [CO2] (CE) and its 
interaction with elevated temperature (TE) on insect herbivores either for individual 
herbivore species or herbivore communities and this is also true of Eucalyptus 
(Myrtaceae) feeding insect herbivores. No studies have investigated the direct and 
indirect effects of CE and TE on the immune response of herbivorous insects, which 
has bearing on their ability to defend against antagonists such as parasitoids. Further 
to this the impact of CE on insect herbivory and insect-mediated nutrient cycling in 
Eucalyptus woodlands has not been investigated. This thesis will investigate these, 
still unanswered, issues within Eucalyptus forests under CE and in combination with 
greenhouse studies at CE and TE. This thesis also assesses the implications of CE on 
the role of insects in short-term nutrient cycling within Eucalyptus woodlands. This 
thesis, consequently, will contribute to the knowledge required to predict the effects 
that CE and TE may have on Eucalyptus ecosystems and will inform their future 
managers and policy makers.  
 
1.1 Literature review 
1.1.1 Effects of CE and TE on leaf chemistry 
Plants grown under CE generally show increased rates of photosynthesis and biomass 
production (Bazzaz et al. 1990, Curtis 1996, Drake et al. 1997, Saxe et al. 1998, 
Owensby et al. 1999). The alteration of photosynthetic and growth rates may change 
the composition and concentration of foliar primary and secondary metabolites as a 
result of an ‘excess’ in atmospheric carbon. An increase in the assimilation of carbon 
by plants can increase the C:N ratio resulting in a nitrogen (N) dilution effect 
(Lincoln et al. 1993, Lindroth et al. 1995, Wilsey 1996, Hughes and Bazzaz 1997). 
Plants may also reduce their investment in Ribulose bisphosphate carboxylase-
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oxygenase (Rubisco) thus contributing to a reduction in foliar N (Sage et al. 1989, 
Drake et al. 1997). Foliar N concentrations, on average, have been shown to decrease 
by 15 % under CE (Bezemer and Jones 1998, Stiling and Cornelissen 2007), 
however, this reduction in foliar N is highly variable between species (Roth and 
Lindroth 1995, Kinney et al. 1997, Agrell et al. 2000, Holton et al. 2003, Ji et al. 
2011).  
 
Plants can allocate the additional supply of carbon in two ways: (1) increase 
structural compounds (e.g. lignin, cellulose) or (2) increase the production of carbon 
based compounds either as primary compounds (e.g. non-structural carbohydrates) 
and/or secondary compounds that often also act as defence compounds (Stiling and 
Cornelissen 2007, Ryan et al. 2010, Ode et al. 2014). An increase in the structural 
compounds of leaves grown at CE is often reported (Gunderson and Wullschleger 
1994, Pritchard et al. 1999, Staudt et al. 2001). This increase in leaf structural 
compounds results in tougher leaves (Knepp et al. 2005, Huttunen et al. 2008) which 
are more difficult for herbivorous insects to consume and digest (Bernays 1986, 
Nahrung et al. 2001). An increase in leaf toughness under CE may also be associated 
with increases in the concentration of total non-structural carbohydrates (Yin 2002). 
The increase in non-structural carbohydrate concentration accounts for the majority 
of the increase in the C:N ratio compared to plants grown under ambient CO2 
conditions (Johns et al. 2003, Knepp et al. 2005, Huttunen et al. 2008). This shift in 
the C:N ratio may alter herbivore nutrient utilisation efficiencies and this may, in 
return, affect insect herbivore growth and development (Behmer and Joern 2008, 
Raubenheimer et al. 2009). 
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The general response of carbon-based plant secondary metabolites to CE is not 
universal, making predictions difficult (Peñuelas and Estiarte 1998, Hartley et al. 
2000, Ryan et al. 2010). However, the concentrations of tannins and other phenolics 
have been shown to consistently increase under CE (Stiling and Cornelissen 2007, 
Ryan et al. 2010). Tannins are found in most vascular plants (Rossi et al. 2004) and 
are often used in the defence against insect herbivores (Bernays et al. 1989). Tannins 
can precipitate proteins and may also prevent digestive enzymes from effectively 
breaking down ingested protein (Feeny 1969, Bernays and Chapman 1994, Rossi et 
al. 2004). However, there is no evidence to suggest this occurs in an insect system 
and this may be as a result of gut surfactants or alkaline gut conditions preventing 
protein precipitation (Salminen and Karonen 2011, Vihakas et al. 2015). However, 
tannins may still have a role in preventing herbivory from occurring via tannin 
autoxidation which occurs at high gut pH (Appel 1993). Tannin autoxidation can 
damage ingested nutrients, or by-products of this process may damage insect tissues 
(Salminen and Karonen 2011). Predicted increases of foliar tannin concentrations 
coupled with the dilution of foliar protein concentrations under CE may negatively 
impact insect herbivore survival and development which may affect insect 
abundances. 
 
The magnitude and direction of changes in the concentrations of foliar N- and 
carbon-based compounds as a result of CE can be difficult to predict. Some plant 
responses to CE have been shown to be species-specific (Bezemer and Jones 1998, 
Koricheva et al. 1998, Goverde and Erhardt 2003) or genotype specific (Lindroth et 
al. 2002, Agrell et al. 2005). For example, under CE, Roth and Lindroth (1994) 
observed no changes in the N concentrations of pine needles while Hättenschwiler 
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and Schafellner (2004) reported a decrease in the concentration of foliar starch in 
hornbeam (Carpinus betulus) whereas foliar starch concentrations increased in 
sessile oak (Quercus petraea) and European beech (Fagus sylvatica). Plants can also 
show intraspecific variation in response to CE particularly in relation to secondary 
metabolites (McKiernan et al. 2012). Availability of resources such as nutrients and 
water to plants under CE may alter the allocation of photosynthesis products to either 
growth or synthesis of defence compounds further driving the intraspecific variation 
in leaf chemistry (Lawler et al. 1997, Pritchard et al. 1997, Roth et al. 1997). The 
general response (if one exists) of Eucalyptus species to CE is difficult to predict 
owing to the limited number of studies that report the primary and secondary 
chemistry under CE conditions (Lawler et al. 1997, Gleadow et al. 1998, McKiernan 
et al. 2012). Foliar N concentrations of Eucalyptus leaves were observed to decrease 
as a result of CE (Lawler et al. 1997, Gleadow et al. 1998, Ghannoum et al. 2010a, 
Murray et al. 2013a, Murray et al. 2013b) while McKiernan et al. (2012) observed no 
change in foliar N concentration. McKiernan et al. (2012) also observed no changes 
in a range of secondary metabolites while Lawler et al. (1997) observed an increase 
of phenolic concentrations under CE conditions.  
 
TE has been observed to either decrease (Reich and Oleksyn 2004, Ghannoum et al. 
2010a) or have no effect on foliar N concentrations (Kuokkanen et al. 2003, Murray 
et al. 2013a). The response of foliar secondary metabolites to TE has also been varied 
(Williams et al. 2000, Kuokkanen et al. 2001). The interactive effects of CE and TE 
on leaf chemistry are relatively poorly known (Saxe et al. 2001, Lloyd and Farquhar 
2008, Murray et al. 2013a, Murray et al. 2013b). TE may interact with CE, and this 
may mediate some of the changes in foliar chemistry due to the different 
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directionalities of these two abiotic factors. In some tree species no interactive effects 
of CO2 and temperature have been observed (Kuokkanen et al. 2003) while 
interactive effects have been observed in some Eucalyptus species (Ghannoum et al. 
2010b). Interactive effects of CO2 and temperature on foliar chemistry may be 
species-specific, and may have implications for insect herbivores that add additional 
complexity when attempting to predict their responses. 
 
This thesis will be using two Eucalyptus species; Eucalyptus robusta Sm. (subgenus 
Symphyomyrtus: section Transversaria) and Eucalyptus tereticornis Sm. (subgenus 
Symphyomyrtus: section Exsertaria). Eucalyptus robusta (Swamp Mahogany) is 
found within a narrow geographic band from Ulladulla in New South Wales to 
Rockhampton, Queensland (Hartney 1980). Eucalyptus robusta grows in a variety of 
soils and is often found in swamps and areas prone to periodic flooding (Hartney 
1980). Eucalyptus tereticornis (Forest Red Gum) has a wide distribution found along 
the entire east coast of Australia from East Gippsland, Victoria in the south and 
northwards to Papua New Guinea (Boland et al. 2006). Eucalyptus tereticornis is one 
of the key canopy tree species occurring within the Cumberland Plain Woodland 
(Tozer 2003). Eucalyptus tereticornis and E. robusta can be found together in mixed 
stands within the ranges of both species (Hall et al. 1970). Both species are 
economically important trees in Australia and internationally, grown in plantations 
(FAO 2010, Paine et al. 2011, World Agroforestry Centre 2015), public plantings, 
gardens and along streets. The potential for differing responses of leaf chemistry of 
these two species to CE and TE may positively or negatively impact insect herbivores 
feeding on these species. This research will thus provide information on how leaf 
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chemistry of differing Eucalyptus species will respond to the separate and combined 
effects of predicted changes in CO2 and temperature.  
 
1.1.2 Plant-herbivore interactions 
Some insects can respond to [CO2] gradients, for example mosquitoes use this 
strategy to locate their hosts (Cork 1996), however such a spatial response will not 
apply to situations where atmospheric [CO2] will change over time. Most insects, 
including insect herbivores, are unlikely to be directly affected by CE. Rather, 
herbivores may be indirectly affected by CE via plant-mediated effects which alter 
the quality of their food source (Stiling and Cornelissen 2007, Robinson et al. 2012). 
The growth and reproduction of many herbivorous insects are limited by dietary N 
availability (Mattson 1980a). N (in the form of proteins) plays an essential role in 
many metabolic processes and thus leaf N concentrations are critical to insects 
(Ohmart et al. 1985). Reductions in foliar N concentrations have been shown to 
increase developmental time and mortality of herbivorous insects (Stiling et al. 1999, 
Throop and Lerdau 2004) and may alter the abundance and diversity of insects 
present within ecosystems (Silva et al. 2012). CE, mediated through changes in leaf 
chemistry, can increase the development time, reduce growth rate and affect the 
survival of herbivorous insects (Bezemer and Jones 1998, Stiling and Cornelissen 
2007, Robinson et al. 2012). Prolonged developmental times may increase the 
exposure duration of herbivores to antagonists, potentially resulting in reduced 
herbivore abundances as top-down control is enhanced (Roth and Lindroth 1995, 
Kopper and Lindroth 2003, Stiling et al. 2003). 
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Eucalyptus species are characterised by low foliar N concentrations generally below 
2%, often seen as suboptimal for insect herbivores (Fox and Macauley 1977, Lawler 
et al. 1997). Rubisco, a major fraction of proteins in leaves (Warren and Adams 
2002) is hydrolysed during leaf senescence and the amino acids and peptides are 
translocated from stems, roots and soil to flushing leaves (Kato 1986, Nambiar and 
Fife 1987). Many Eucalyptus-feeding insects are flush (young) foliage feeders as it 
generally contains higher concentrations of N compared to older, fully expanded and 
mature leaves (Ohmart and Edwards 1991b, Kursar and Coley 2003, Throop and 
Lerdau 2004). In addition to increased N, flush leaves also have higher moisture 
content and reduced toughness compared to mature leaves potentially increasing 
palatability, which often results in enhanced insect performance on young compared 
to older leaves (Rapley et al. 2004, Boege and Marquis 2005, Nahrung et al. 2008). 
This difference in foliar properties between flush and mature leaves results in two 
different feeding niches for insect herbivores, and Eucalyptus-feeding insects can 
roughly be categorised into two functional feeding guilds, flush or senescence 
feeders, based on their distinctive feeding strategies (White 2015).  
 
Herbivores may overcome reductions in foliar N as a result of CE through changes in 
feeding behaviour which may mitigate the effect of CE-induced changes in leaf 
quality (Raubenheimer and Simpson 1997). Typically, insect herbivores increase 
their consumption of plant material in response to a reduction in leaf quality; this is 
termed ‘compensatory feeding’ (Lindroth and Dearing 2005, Stiling and Cornelissen 
2007). Increased leaf consumption has been observed for many leaf feeders when 
exposed to foliage grown under CE (Fajer 1989, Goverde et al. 1999, Rao et al. 
2009), however, not all insects increase their consumption when feeding on leaves 
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that were grown under CE; some herbivores show no changes in leaf consumption 
(Barbehenn et al. 2004), while Cleland et al. (2006) observed a decrease in leaf 
consumption. Some insects have also shown a preference for CE foliage compared to 
foliage grown under ambient conditions in feeding choice trials (Hamilton et al. 
2005, Knepp et al. 2007). Despite the general trends of increased leaf consumption, 
insect performance is often decreased under CE conditions as a result of decreasing 
nutrient extraction efficiencies which cannot be overcome by increasing leaf 
consumption (Roth and Lindroth 1995, Coviella and Trumble 1999). It appears that 
the capacity of insects to compensate for low N in their diets is limited and may be 
species-specific (Crawley 1989, Lavoie and Oberhauser 2004). Limitations to 
compensatory feeding may be a function of foliar secondary defence compounds or 
other nutrients and compounds. As leaf consumption increases there is not only an 
increased rate of N intake but also an increase of other compounds which may have 
toxic or anti-nutritional properties. This increased intake of other compounds may 
prevent the insect reaching its optimal N intake (Simpson and Raubenheimer 1993), 
thus preventing an insect from fully compensating for reduced N concentrations.  
 
Unlike CE, TE may have both direct and indirect effects on insect herbivores. The 
indirect effects of TE on herbivorous insects can be plant-mediated via changes in 
foliar chemistry (see previous section). TE may affect herbivorous insects by 
shortening developmental time and increasing metabolic rates (Bale et al. 2002), 
potentially offsetting the increased developmental times that result from CE. Raised 
metabolic rates may require increased leaf consumption as nutrient demands increase 
(Bale et al. 2002) which may exacerbate compensatory feeding observed at CE. 
Excessive TE can also have negative effects on herbivorous insects by decreasing 
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survival as a result of thermal stress (Buckley and Kingsolver 2012). TE in 
combination with CE may counter some of the negative effects of CE on insect 
performance (Murray et al. 2013a, Murray et al. 2013b) thereby limiting the overall 
impact on insect performance under predicted climate change scenarios in which 
both CO2 and temperature are expected to concurrently increase (IPCC 2013). 
 
Phosphorus (P) is an important element in diets of insect herbivores as it is required 
for energy transport molecules such as ATP and phospholipids which are very P rich 
(Sterner and Elser 2002, Elser et al. 2003). P, unlike N, is available to insects in all 
forms present within plants, both in its inorganic form or bound to organic 
compounds (Woods et al. 2002, Perkins et al. 2004). P deficiencies in insect diets 
have been shown to affect herbivore performance measures such as survival, 
development and growth rate (Clancy and King 1993, Perkins et al. 2004, Watts et 
al. 2006). Eucalyptus leaves often have low concentrations of P, due to the low P 
content in many Australian soils (Lee and Correll 1978, Crous et al. 2015) and this 
may interact with CE or TE. Conroy et al. (1992) observed a decrease in the 
concentration of P within Eucalyptus grandis under CE. Furthermore, foliar P 
concentration may also decrease at TE (Reich and Oleksyn 2004). Thus, alterations in 
foliar P concentrations at CE and TE may negatively impact insect herbivores growth 
and survival.  
 
The effects of CE on insect herbivores appear to be specific to both insect and host 
tree species (Hunter 2001, Johns and Hughes 2002, Couture et al. 2012). This 
variation in insect-host tree interactions under CE may make it difficult to predict the 
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effect that CE will have on insect performance. Additionally, little is known about the 
interaction between different insect herbivores and Eucalyptus under CE. To date, 
only three published studies have investigated the effects of CE on Eucalyptus insect 
herbivores (Lawler et al. 1997, Murray et al. 2013a, Murray et al. 2013b). Results 
from northern hemisphere studies have demonstrated large variations in insect 
performance under different [CO2] and as such further research is required into 
Eucalyptus-herbivore interactions (Hovenden and Williams 2010). TE may interact 
with CE which may have an additive or compensatory effects on insect herbivores 
(Rosenblatt and Schmitz 2014). However, there is a lack of information on the 
response of herbivorous insects to the combined effects of CE and TE (Zvereva and 
Kozlov 2006, Murray et al. 2013a, Murray et al. 2013b, Rosenblatt and Schmitz 
2014). This makes predicting the impact of climate change on herbivorous insects 
difficult under the realistic scenario of increasing [CO2] and temperature. 
 
1.1.3 Herbivore immune responses 
Predators including parasitoids of insect herbivores play important roles in 
controlling herbivore abundances within forests (Van Der Meijden and Klinkhamer 
2000, Klemola et al. 2002, Symondson et al. 2002, Mills and Wajnberg 2008). 
Insects have an innate immune system which comprises both a cellular and humoral 
defence and differs from vertebrate animals which have an acquired immune system 
(Gillespie et al. 1997, Schmid-Hempel 2005, Siva-Jothy et al. 2005). Encapsulation 
followed by melanisation is the primary insect defence against foreign invaders such 
as parasitoids (Vilmos and Kurucz 1998, Smilanich et al. 2009). Haemocytes adhere 
to a foreign body (such as a parasitoid egg) present within the insect to form an 
envelope which leads to an increase in the enzyme phenoloxidase (PO) resulting in 
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melanisation of the haemocyte capsule (Stoltz and Guzo 1986, Hung and Boucias 
1996, Lavine and Beckage 1996, Vilmos and Kurucz 1998, Wilson et al. 2001). The 
strength of an encapsulation response within an insect’s haemocoel has been 
observed to be strongly related to PO activity (Lavine and Beckage 1995, Carton and 
Nappi 1997, Shiao et al. 2001). Insects with increased PO activity are better able to 
encapsulate and melanise foreign bodies compared to individuals with lower PO 
activity (Cotter et al. 2004, Ardia et al. 2012). Thus, the level of PO activity of an 
insect’s haemolymph may be able to be used to predict the ability of an insect to 
mount a successful immune response against parasitoids and other pathogens. 
 
Metabolic rates of insects activating an immune response are often increased 
suggesting that this may be an energetically-expensive process (Freitak et al. 2003, 
Ardia et al. 2012). However, metabolic rates may also decrease during encapsulation 
(Fellowes and Godfray 2000) or show no relationship (Rantala and Roff 2006) with 
an immune response. Reductions in foliar quality, i.e., nutrient content and 
composition, under CE and TE may reduce nutrient assimilation by insects and 
subsequently the allocation of resources to either growth or immune maintenance and 
activation (Kraaijeveld and Godfray 1997, Schmid-Hempel 2003, Siva-Jothy et al. 
2005). Larvae feeding on leaves high in foliar nutrients have been observed to have a 
higher encapsulation response compared to larvae feeding on nutritionally sub-
optimal leaves (Salt 1964, Benrey and Denno 1997). Alterations in the foliar 
chemistry of Eucalyptus leaves, particularly reductions in N as a result of CE and TE 
may negatively impact the immune response of insects. Thus Eucalyptus-feeding 
insects may have a reduced encapsulation response, including reduced haemolymph 
PO activity under CE and TE, making them more susceptible to parasitoid and 
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pathogen attack. Few studies have been conducted on herbivore-parasitoid 
interactions under either CE or TE (Coll and Hughes 2008) while no studies have 
considered combined changes in these factors, or this relationship with Eucalyptus-
feeding insects (Hovenden and Williams 2010). It is important to understand the 
relationship between herbivores and their parasitoids when confronted with changes 
in [CO2] and temperature owing to their role in structuring insect communities 
(Symondson et al. 2002, Hoover and Newman 2004).  
 
1.1.4 Role of insects in short-term nutrient cycle in forest ecosystems 
Insect herbivores play an important part in the cycling of nutrients within forest 
ecosystems through herbivory and frass production (Christenson et al. 2002, Kagata 
and Ohgushi 2012a, Meehan et al. 2014). Frass contains highly labile N which 
promotes microbial growth (Frost and Hunter 2004, Meehan and Lindroth 2007). 
Higher concentrations of labile N are found in frass compared to leaf litter, therefore 
less processing is required by microbes allowing for rapid N use (Madritch et al. 
2007, Schowalter et al. 2011). This can increase the speed of leaf litter 
decomposition (Kagata and Ohgushi 2012b). Plants are also able to absorb and utilise 
the inorganic N deposited in frass (Christenson et al. 2002, Frost and Hunter 2007). 
The quality and quantity of frass deposited may also affect the aboveground biomass 
of plants particularly if frass N concentrations decrease (Kagata and Ohgushi 2012c). 
Kagata and Ohgushi (2012c) observed reduced plant biomass when frass produced 
from a low-N plant source was added to the soil compared to plant biomass produced 
with frass from a high N plant source. Changes in leaf chemistry as a result of CE 
may thus affect short-term nutrient cycling, and impact processes that involve the 
labile nutrients contained within frass. 
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Frass deposition under CE environments may also have an increased carbon content, 
altering frass C:N ratio (Kagata and Ohgushi 2012a). This potential shift in the 
concentrations of frass C and N may impact nutrient dynamics of forest ecosystems. 
Concentrations of phenolics in frass may also increase under CE in conjunction with 
leaf chemistry changes (Ji et al. 2011). Increased phenolic concentrations have been 
shown to reduce the decomposition rate of leaf litter (Kurokawa and Nakashizuka 
2008) which may slow down the cycling of nutrients in forests under CE.  
 
The quantity of frass deposited onto forest floors may change under CE via four 
mechanisms. (1) The rate of herbivory experienced by plants may decrease as a 
result of changes in leaf chemistry (Roth et al. 1998, Knepp et al. 2005) reducing 
insect abundances and thus frass deposition (Clark et al. 2010). (2) The digestion 
efficiencies of insect herbivores may be altered under CE, impacting frass deposition 
(Chen et al. 2007, Couture et al. 2012). (3) Compensatory feeding by herbivorous 
insects, often observed at CE (Stiling and Cornelissen 2007, Robinson et al. 2012), 
may increase frass deposition. (4) Increases in the productivity of forests often 
observed under CE (Norby et al. 2005, Zak et al. 2011) may increase the amount of 
leaves available to insect herbivores thus potentially increasing the total carrying 
capacity of forests, resulting in increased insect abundances and with it increased 
frass production (under the assumption that leaf composition will not change). 
Alternatively increased forest productivity could also result in no net change of 
insect herbivore abundance and frass production under the assumption that leaf 
compositional changes will negatively impact herbivores. Changes in the quality and 
quantity of frass deposition may have implications on nutrient cycling within 
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Eucalyptus forests. The vast majority of soils in south-eastern Australia are low in 
nutrient content (Ohmart and Edwards 1991b) and therefore plants (and soil 
organisms) may rely on the deposition of frass for at least some of their nutrient 
requirements. Frass deposition can also translocate leaf allelochemicals to the soil 
beneath Eucalyptus trees which may prevent some plants from germinating thus 
creating bare zones (Silander et al. 1983). This secondary role of frass within 
Eucalyptus forests allows for the increased partition of available nutrients to 
Eucalyptus trees and alterations in frass deposition may alter plant communities 
within Eucalyptus woodlands. 
 
Another factor which may impact the quantity and timing of canopy herbivory and 
frass deposition is precipitation. Precipitation has been observed to initiate the 
flushing of Eucalyptus trees (Pook et al. 1997, Duursma et al. 2016). This can have 
positive effects on the abundance of insect herbivores which feed on flush foliage 
(Heatwole et al. 1997). The potential increase in herbivore abundance after 
precipitation events may result in an increase in frass deposition and thus provide 
nutrient pulses to the forest floor. However this may be dependent on insect 
phenology and whether insects are able to quickly benefit from precipitation driven 
leaf production. 
 
1.2 Thesis hypotheses, aims and outline 
The overall aim of this thesis is to examine the impacts that climate change factors, 
particularly CO2 and temperature, have on insect herbivores and how these may 
impact herbivory and insect-nutrient cycling within a Eucalyptus woodland. Drawing 
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on the literature available for herbivorous insects feeding both on Eucalyptus and 
other tree species, it is predicted that the physiology and immune function of insect 
herbivores would be negatively affected by CE and this would interact with TE and 
depend on host species. Overall this thesis had two specific hypotheses: (1) the 
growth, survival and immunocompetence of the Eucalyptus leaf beetle, Paropsis 
atomaria Olivier (Coleoptera: Chrysomelidae) will be reduced at CE, while in 
combination with TE the effects will be ameliorated; and (2) under field conditions, 
CE will reduce insect herbivory and frass deposition (and therefore insect-mediated 
nutrient transfer) to the forest floor. Hypothesis 1 was tested in greenhouse and 
laboratory experiments while hypothesis 2 was tested at the Eucalyptus free-air CO2 
enrichment (EucFACE) experimental site established on the Hawkesbury Campus of 
Western Sydney University in 2012 (more information about this experimental site is 
incorporated in Chapters 4 and 5). It encompassed the community response of insect 
herbivores to CE and the interaction with naturally-fluctuating rainfall conditions. 
The main aims of this thesis are depicted in Figure 1-1.  
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Figure 1-1 Main experimental aims for each thesis chapter. Experiments reported in chapters 
2 and 3 were conducted in a greenhouse environment, under controlled conditions (with two 
different [CO2] and temperature treatments), while experiments reported in chapters 4 and 5 
occurred at the Eucalyptus free air CO2 enrichment site under field conditions (with two 
different [CO2] treatments). Outcomes from the greenhouse experiments provided functional 
support for field experiments.  
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Chapter 2  
Responses of leaf beetle larvae to elevated [CO2] and 
temperature depend on Eucalyptus species  
Published as Gherlenda et al., 2015, Oecologia, 177, 607-617 
2  
2.1 Abstract 
Understanding the combined effects of elevated [CO2] and temperature on insect 
herbivores is essential to forecast climate change responses of diverse ecosystems. 
Plant species differ in foliar chemistry and this may result in idiosyncratic plant-
mediated responses of insect herbivores at elevated [CO2] and temperature. We 
measured the response of the eucalypt leaf beetle Paropsis atomaria (Coleoptera: 
Chrysomelidae), feeding on Eucalyptus tereticornis and Eucalyptus robusta. 
Seedlings were grown at ambient (400 µmol mol-1) or elevated (640 µmol mol-1) 
[CO2] and ambient (26/18 °C day/night) or elevated (ambient + 4 °C) temperature in 
a greenhouse for seven months. Larvae fed on flush leaves from egg hatch to 
pupation while being directly exposed to these conditions. Elevated [CO2] (CE) 
reduced foliar [N] and [P] while it increased total non-structural carbohydrates and 
C:N ratio. Elevated temperature (TE) increased foliar [N] in E. robusta but not E. 
tereticornis. Plant-mediated effects of CE reduced female pupal weight, but increased 
developmental time and leaf consumption. Larval survival at CE was impacted 
differently by the two host plant species; survival increased on E. robusta while it 
decreased on E. tereticornis. TE accelerated larval development while it did not 
impact other insect parameters. We did not detect a CO2 × temperature interaction 
suggesting that TE as a combined direct and plant-mediated effect may not be able to 
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ameliorate the negative plant-mediated effects of CE on insect herbivores. Our study 
highlighted host-plant specific responses of insect herbivores to climate change 
factors that resulted in host-plant specific survival.  
 
2.2 Introduction 
Atmospheric concentrations of CO2, currently 400 µmol mol-1, continue to rise and 
are expected to reach 540 to 970 µmol mol-1 by 2100. Concurrently, average surface 
temperatures are also expected to rise by 2 to 5 °C (IPCC 2013). These changes in 
[CO2] and temperature will impact biodiversity and ecosystem function, including 
key processes such as herbivory. Insect herbivores will experience elevated [CO2] 
(CE) through indirect, plant-mediated effects, while elevated temperature (TE) will 
have both direct and indirect impacts (Murray et al. 2013b, Niziolek et al. 2013). The 
effects of CE on plant growth and primary chemistry are well known (Ainsworth and 
Rogers 2007). CE can increase plant biomass, photosynthetic efficiency, and thus an 
accumulation of carbohydrates and increased leaf mass area (LMA) (Ainsworth et al. 
2002, Long et al. 2004, Stiling and Cornelissen 2007). Concomitantly, leaf nitrogen 
is diluted or reallocated into other plant parts (Ainsworth and Rogers 2007, 
Seneweera et al. 2011). Nitrogen (N), mostly bound in amino acids and proteins, is a 
limiting nutrient for insect herbivores; reduced leaf nitrogen concentrations and shifts 
in C:N and protein to carbohydrate ratios under CE can, thus, negatively impact 
insect performance at CE (Mattson 1980a, Raubenheimer et al. 2009, Robinson et al. 
2012) potentially altering the population dynamics of herbivorous insects.  
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TE can lead to increased plant development, transpiration rates, leaf biomass and 
specific leaf weight (Way and Oren 2010). It may exacerbate N dilution of leaves 
(Dury et al. 1998) reducing overall foliar quality resulting in an indirect negative 
effect on insect herbivore performance; and this may be an additive effect with CE. 
Temperature can also have direct effects on insect herbivores such as altered 
developmental time and consumption (Levesque et al. 2002, Golizadeh et al. 2007) 
which may have a positive effect on herbivorous insects within a species’ favoured 
temperature range (Bale et al. 2002). The potential positive direct effects of TE, 
within a species’ temperature limits, has been suggested to ameliorate the indirect 
negative effects of CE (Zvereva and Kozlov 2006, Murray et al. 2013a). Despite this, 
very few studies have investigated the combined effects of CE and TE on insect 
herbivores (Zvereva and Kozlov 2006, Robinson et al. 2012). Predicting responses of 
insect herbivores to future climate change requires multi-factorial studies (Davis et 
al. 1998) which better mimic the potential conditions likely to be experienced in the 
future.  
 
Further complexity is added as ecosystems are diverse, and most insect herbivores 
use more than one host plant species throughout their range or life cycle. Changes in 
leaf chemistry as a result of CE can be highly variable between plant species (Agrell 
et al. 2000, Holton et al. 2003, Ji et al. 2011) and may result in idiosyncratic 
responses of herbivorous insects which feed on several plant species. Experiments 
with CE and temperature often exclusively test interactions of single insect and single 
plant species, inadvertently basing conclusions on a perhaps false assumption that all 
insects are restricted to one host plant species. For this reason, the diversity of insect-
plant interactions still limits our ability to make predictions about ecosystem 
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responses, as insect responses may be idiosyncratically driven by host plant species 
identity. Furthermore, climate change may either constrain insect herbivores to fewer 
host plant species or, alternatively, expand their host preference and allow alternative 
ways of adaptation.  
 
Studies of insect herbivore responses to climate change often only assess the final 
larval instar, yet, it has been suggested that early instars are most affected by CE and 
TE (Bezemer and Jones 1998). Disregarding the entire larval development thus limits 
the ability to predict with any certainty the impacts of climate change on herbivorous 
insects. There is also a taxonomic bias in the assessment of climate change response 
studies; e.g. beetles (Coleoptera), the largest insect order, are under-represented 
(Stiling and Cornelissen 2007, Andrew et al. 2013b). Another bias may also sit in the 
representation of different feeding strategies, such as flush versus senescent leaf 
feeders (White 2015). 
 
Plants adapted to growing in nutrient poor soils, such as Eucalyptus L’Herit 
(Myrtaceae) can be a challenging food for herbivores due to their low foliar N 
content (Fox and Macauley 1977, White 1993) which may be exacerbated at CE 
(Lawler et al. 1997). Insect herbivores which feed on N poor food plants may face 
relatively greater reductions in performance as a result of increases in [CO2] and 
temperature than herbivores that feed on relatively more nutritious plant genera 
(Hovenden and Williams 2010). Alternatively, these herbivores may be well adapted 
to relatively low foliar quality (Ohmart 1991) and may show great plasticity in 
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assimilating nutrients, potentially mitigating the effects of CE and TE on their 
performance. 
 
Here, we assessed the performance of Paropsis atomaria Oliver (Coleoptera: 
Chrysomelidae) larvae from egg hatch to adulthood, when feeding on two 
Eucalyptus species grown at CE and TE. This leaf beetle species is a monophagous 
eucalypt specialist commonly feeding on at least 20 different eucalypt species 
throughout eastern Australia (CAB International 2005, Schutze et al. 2006). Larvae 
exclusively feed on flush foliage and are an emerging pest of eucalypt plantations in 
Australia (Nahrung 2006). Eucalyptus tereticornis Sm. and Eucalyptus robusta Sm., 
from two different sections of the subgenus Symphyomyrtus, are recorded host trees 
of P. atomaria and commonly occur in eastern Australia (Boland et al. 2006). Our 
study is the first to investigate combined effects of CE and TE on a beetle over its 
entire larval development and one of few to assess responses on different host plant 
species (e.g. Williams et al. 2000). Our first aim was to assess and contrast the 
combined effects of CE and TE on the performance of P. atomaria feeding on two 
Eucalyptus species from egg hatch to pupation and whether TE is able to ameliorate 
the effects of CE. Our second aim was to assess changes in leaf chemistry under CE 
and TE and determine what impact, if any, this may have on insect performance. 
Only primary leaf compounds and total phenolics were considered in this study as 
the understanding of how these compounds are altered by CE and TE are relatively 
unknown in Eucalyptus. Thus it is important to understand how these primary 
compounds are altered by climate change before more detailed analyses can be 
performed on secondary metabolites in the future.   
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2.3 Materials and methods 
2.3.1 Plant and insect growth conditions 
Seeds of E. tereticornis and E. robusta were obtained from the Australian Tree Seed 
Centre (CSIRO, Canberra, ACT, Australia; seed lot number 20768 and 15940, 
respectively). Seeds were sown into seeding trays containing seed raising mixture 
(Osmocote seed raising and cutting mix; Scotts Australia Pty Ltd, Bella Vista, NSW, 
Australia) and germinated at 26 °C, 55 % relative humidity (RH) under ambient or 
elevated [CO2] (400 and 640 µmol mol-1, CA and CE, respectively) in a greenhouse. 
After one month seedlings were transferred into 15 L pots containing a local loamy-
sand soil (see Ghannoum et al. 2010a for soil properties). Maintaining their prior 
[CO2] treatment, ten seedlings of each species were randomly allocated into each of 
four sunlight greenhouse rooms. Seedlings were grown at two atmospheric [CO2] 
and two temperature (ambient and ambient plus 4 °C, TA and TE respectively) 
treatments in a fully factorial design (as per Murray et al. 2013a) with a minimum 
RH set at 55 %. TA (mean 26/18 °C day/night, 15/9 hour fluctuation) was based on 
the 30-year average temperature during the growing season (November-May) for 
Richmond, NSW (150° 44’ 28” E, 33° 36’ 41” S) while TE was maintained 4 °C 
above TA, consistent with the predicted temperature increase for this region and the 
range of the beetle and the two Eucalyptus species within this century (CSIRO and 
the Australian Bureau of Meteorology 2014). At the time of experimentation nine E. 
tereticornis and seven E. robusta remained per treatment. [CO2] and temperature 
conditions within each chamber were electronically controlled (60 readings per 
minute) and verified with calibrated portable sensors. Light conditions across the day 
within and between chambers were not significantly different (Ryalls et al. 2013). To 
reduce the effects of pseudo-replication due to the limitation of four glasshouse 
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chambers, the position of tree pots were randomly rotated regularly within chambers 
(Quirk et al. 2013, Sherwin et al. 2013). In addition to the automated glasshouse 
management system PlantVisor (Carel Australia Pty Ltd, Silverwater, NSW, 
Australia) ran and controlled the temperature, [CO2] and RH profiles, all chambers 
were checked with mobile measurement devices on a regular basis to monitor 
climatic conditions independently. Seedlings were well watered and supplemented 
monthly with liquid fertiliser (Aquasol®, N:P:K 23:4:18) to avoid potential nutrient 
limitation that could interact with CO2 and temperature conditions (Lawler et al. 
1997). Insects were placed on seedlings that had grown under experimental 
conditions for 7 months. 
 
Adults of P. atomaria were collected from a Eucalyptus plantation in Richmond, 
NSW, where larvae and adults of this species are commonly found feeding on 
planted E. tereticornis and E. robusta trees. A laboratory colony was established in a 
temperature and humidity controlled greenhouse (25 °C, 55 % RH) on E. robusta 
foliage collected from coppiced trees. The experiment was run when the laboratory 
colony was three generations old, however new field individuals from both E. 
tereticornis and E. robusta were added each generation. Adults oviposited on 
branchlets within the cage and these egg batches were used for the experiment. 
 
2.3.2 Insect responses to CE and TE 
Egg batches of P. atomaria were individually hatched at CA at 23°C. Larvae were 
transferred onto experimental trees once larvae had consumed the egg chorion, a 
behavioural characteristic of this species. Individuals were distributed in a split brood 
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design across treatments in order to control for maternal effects. Each experimental 
tree received ten larvae that were then followed as a cohort and all data obtained on 
insect responses were averaged per tree (with “tree” the replicated unit). The initial 
larval cohort size was standardised to ten individuals to ensure that larval mortality 
was not driven by group size as early instar larvae of this species are colonial feeders 
(Nahrung et al. 2001). Cohorts were confined to flush leaves with organza bags (10 
cm x 15 cm) with cotton plugs as per Murray et al. (2013a). Larval cohorts were 
regularly moved to new flush leaves within the same tree to ensure constant food 
supply. This best simulates the field situation as larval cohorts are unlikely to change 
host trees during development, plus herbivore induced secondary chemistry has 
previously been demonstrated to be absent from Eucalyptus (Rapley et al. 2007, 
Henery et al. 2008). We measured larval developmental time from when first instar 
larvae started feeding on experimental trees until they dropped from the leaves to 
enter the pre-pupal stage. Larval survival was monitored daily. Leaf area consumed 
was estimated from scaled photos taken prior to and after insect feeding and analysed 
using Adobe Photoshop CS5 (Adobe Systems Incorporated, California, USA) 
following the method developed by Unsicker and Mody (2005). Leaf mass 
consumption was estimated by correcting leaf area for leaf mass area (LMA; leaf dry 
weight over leaf area; g m-2). Consumption was measured for each instar and divided 
by the number of larvae surviving within the cohort when 50 % had changed larval 
instar; this was then added up as total consumption throughout larval development. 
Pupal sex was determined by the presence or absence of a cleft in sternite VIII (Reid 
and Ohmart 1989). Cohorts were recorded as changing instar once half of the cohort 
had moulted into the next instar. Pupal weight, developmental time, survival and leaf 
mass consumed were analysed using multi-factorial ANOVA. To assess the 
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relationship between insect performance (larval developmental time and survival) 
and foliar traits, a linear mixed effect model was used with CO2 and temperature 
treatment as a random factor (R 3.1.2 R Development Core Team 2014). Likelihood 
ratio tests were performed using backward stepwise selection. Data from the linear 
mixed effect model were used to calculate a prediction curve of any significant terms 
using the predict function in R. Confidence intervals were generated by the creation 
of a model matrix from the linear effect model; standard errors and 95% confidence 
intervals were extracted from this matrix.  
 
2.3.3 Foliar traits 
Four expanding leaves (flush leaves) per tree were randomly collected when larvae 
were in their fourth and final instar. Moisture content and LMA were determined for 
each treatment. LMA was used as a proxy for leaf toughness (Steinbauer 2001). 
Leaves collected were dried in an oven at 70 ºC for 72 hours. The four leaves per tree 
were pooled and ground in a ball mill. Foliar [N] and C:N ratio was determined using 
a CHN analyser (LECO TruSpec Micro, LECO Corporation, St. Joseph, MI, USA). 
Total non-structural carbohydrates (TNC) were extracted and analysed for soluble 
sugars using a modified anthrone method (Ebell 1969) and starch was enzymatically 
quantified on the residual pellet (Megazyme International Ireland Ltd.). TNC was 
calculated as the sum of soluble sugars and starch. Phosphorus was determined by 
placing 50 mg of dried leaf sample in a muffle furnace (550 °C) for 8 hours. 
Phosphorus was extracted from the ash with 5 mL of 1% perchloric acid and total [P] 
quantified by ascorbic acid-molybdate reaction (Murphy and Riley 1962). Total 
phenolic (TP) content was determined as described in Salminen and Karonen (2011) 
using a Folin-Ciocalteau assay with gallic acid (Sigma-Aldrich, 398225) as the 
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quantification standard. Foliar traits for each species were analysed by Principal 
Components Analysis (PCA), and Permutational Multivariate Analysis of Variance 
(PERMANOVA) was used to assess the role CO2 or temperature had on leaf physical 
and chemical traits (R 3.1.2 R Development Core Team 2014). 
 
2.4 Results 
2.4.1 Insect responses to CE and TE 
Overall larval survival was higher when feeding on E. tereticornis than on E. robusta 
(F1,65 = 4.12, P = 0.046; Table 2-1). CE reduced larval survival on E. tereticornis 
compared to CA (F1,33 = 11.66, P = 0.002), while larval survival significantly 
improved on E. robusta under CE (F1,26 = 5.86, P = 0.023; Table 2-1). Temperature 
did not affect survival on E. tereticornis (F1,33 = 0.02, P = 0.876) or E. robusta (F1,26 
= 2.04, P = 0.165). Developmental time increased as a result of CE on E. tereticornis 
(F1,27 = 0.54.28, P < 0.001) and E. robusta (F1,21 = 25.97, P < 0.001) while TE 
reduced developmental time on E. tereticornis (F1,27 = 30.22, P < 0.001) and E. 
robusta (F1,21 = 10.21, P = 0.004; Table 2-1). No significant [CO2] × temperature 
interactions were observed for larval survival or developmental time on both 
Eucalyptus species. CE decreased female pupal weight on both E. tereticornis (F1,22 = 
11.61, P = 0.003) and E. robusta (F1,17 = 21.05, P < 0.001; Table. 2-1), However 
male pupal weight was not affected by CO2 (E. tereticornis F1,26 = 1.23, P = 0.277; 
E. robusta F1,19 = 1.96, P = 0.178). No significant main temperature effect or [CO2] 
× temperature interaction were observed for either female or male pupal weight on 
both Eucalyptus species. CE had no significant effect on the sex ratio of P. atomaria 
larvae (E. tereticornis F1,28 = 0.86, P = 0.362; E. robusta F1,23 = 0.01, P = 0.911) nor 
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was there a temperature effect (E. tereticornis F1,28 = 0.08, P = 0.781; E. robusta 
F1,23 = 0.17, P = 0.680). Total leaf mass consumed by larvae at CE increased 
compared to CA on E. tereticornis (F1,33 = 5.70, P = 0.023) and E. robusta (F1,25 = 
14.91, P < 0.001; Table 2-1). TE had no effect on total leaf mass consumed (Table 2-
1). However, larvae did not increase leaf consumption on E. tereticornis at combined 
CE and TE (F1,33 = 4.40, P = 0.044). Between E. tereticornis and E. robusta, no 
significant differences were observed in developmental time (F1,54 = 0.29, P = 
0.595), female pupal weight (F1,45 = 0.02, P = 0.889), male pupal weight (F1,51 = 
0.11, P = 0.745) or leaf mass consumed (F1,58 = 2.43, P = 0.124). 
 
Developmental time was positively correlated with leaf mass consumed (F1,49 = 6.36, 
P = 0.015) and negatively correlated with pupal weight (F1,49 = 14.97, P < 0.001). No 
significant species effect was observed for either relationship (F1,49 = 0.003, P = 
0.950; F1,49 = 0.005, P = 0.942). Survival did not correlate with developmental time, 
pupal weight or leaf mass consumed. 
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Table 2-1 Mean (± SE) survival, developmental time, pupal weight and leaf mass consumed of Paropsis atomaria larvae feeding on Eucalyptus tereticornis 
and Eucalyptus robusta grown at ambient (CA) or elevated (CE) [CO2] and ambient (TA) or elevated (TE) temperature. 
    Survivorship (%) Developmental time (days) Female pupal weight (g) Male pupal weight (g)  Leaf mass consumed (g dwt) 
E. robusta 
CATA 18 ± 4.8 37.3 ± 0.79 0.127 ± 0.006 0.096 ± 0.006 0.402 ± 0.021 
CATE 14 ± 4.4 30.4 ± 0.52 0.130 ± 0.010 0.098 ± 0.010 0.405 ± 0.032 
CETA 40 ± 8.7 41.19 ± 1.76 0.098 ± 0.009 0.078 ± 0.009 0.533 ± 0.034 
CETE 25 ± 7.6 39.6 ± 1.43 0.099 ± 0.010 0.068 ± 0.010 0.561 ± 0.049 
E. tereticornis 
CATA 53 ± 10.1 35.7 ± 0.33 0.123 ± 0.004 0.091 ± 0.003 0.390 ± 0.025 
CATE 49 ± 7.7 32.5 ± 0.61 0.125 ± 0.007 0.088 ± 0.003 0.405 ± 0.030 
CETA 22 ± 6.6 43.3 ± 1.41 0.105 ± 0.008 0.079 ± 0.005 0.519 ± 0.024 
CETE 23 ± 8.3 36.6 ± 0.96 0.098 ± 0.005 0.085 ± 0.006 0.416 ± 0.030 
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Table 2-2 Foliar traits (mean ± S.E) of Eucalyptus robusta and Eucalyptus tereticornis grown at ambient (400 µmol mol-1) or elevated [CO2] (640 µmol mol-1) 
and ambient (TA) or elevated (TA + 4 °C; TE) temperature. 
Species CO2 (µmol mol-1) Temperature (°C) LMA (g m-2) Moisture (%) [N] (%) [P] (mg g-1) TNC (mg g-1) 
Total phenolics  
(GAE mg g-1)  
E. robusta 
400 
TA 89.93 ± 3.07 65.69 ± 0.38 1.25 ± 0.08 208.17 ± 7.23 108.64 ± 4.69 200.24 ± 7.85 
TE 90.75 ± 3.36 65.16 ± 1.30 1.53 ± 0.08 227.96 ± 15.55 118.22 ± 4.07 182.71 ± 10.18 
640 
TA 118.16 ± 4.61 60.28 ± 0.84 0.79 ± 0.06 149.62 ± 10.33 150.24 ± 8.69 201.36 ± 4.86 
TE 110.36 ± 3.24 60.29 ± 0.82 0.85 ± 0.05 165.41 ± 9.49 144.14 ± 12.22 172.42 ± 6.57 
Overall CO2 % Change   
+ 26 - 8 - 40 - 28 + 30 N.S 
    
E. tereticornis 
400 
TA 71.62 ± 2.00 68.39 ± 0.45 1.44 ± 0.11 294.26 ± 18.53 154.46 ± 5.90 138.97 ± 10.16 
TE 73.69 ± 2.36 66.32 ± 0.45 1.65 ± 0.08 314.26 ± 11.64 148.65 ± 8.09 124.04 ± 5.59 
640 
TA 83.15 ± 1.67 66.37 ± 0.56 1.01 ± 0.08 249.57 ± 13.56 175.36 ± 6.02 113.30 ± 2.68 
TE 82.58 ± 2.86 64.53 ± 0.88 1.15 ± 0.08 249.28 ± 13.59 172.18 ± 5.16 107.85 ± 7.31 
Overall CO2 % Change   + 14 - 3 - 30 - 18 + 15 - 16 
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2.4.2 Foliar traits 
At CE foliar [N] and [P] were reduced while LMA and TNC increased in both E. 
tereticornis and E. robusta (Table 2-2). Foliar [N] decreased by 40 % in E. robusta 
and 30 % in E. tereticornis (Table 2-2), while the C:N ratio of both species increased 
by approximately the same amount respectively at CE (Table 2-3). The largest shift in 
foliar composition was observed for the N:TNC ratio which reduced by 114 % for E. 
robusta and 65 % in E. tereticornis at CE (Table 2-3). Clear separation of foliar traits 
as a result of [CO2] for both species were observed along the first principal 
component axis (PC 1; Supplementary Fig. A1). This was supported by significant 
PERMANOVA [CO2] correlation terms for E. tereticornis (F1,34 = 16.590, P = 0.001, 
R2 = 0.318) and E. robusta (F1,30 = 28.307, P = 0.001, R2 = 0.451). PC 1 accounted 
for 60 % of the variation in the data of E. tereticornis and 66 % of E. robusta; the 
total variation accounted for by the first two principal components (PC1 and PC2) of 
E. tereticornis was 75 % and 82 % for E. robusta. A significant temperature term 
was observed along the PC 2 axis and supported by PERMANOVA analysis only for 
E. robusta (F1,30 = 4.031, P = 0.028, R2 = 0.064). No significant CO2 × temperature 
interaction was observed for E. tereticornis (F1,34 = 1.267, P = 0.273) or E. robusta 
(F1,30 = 0.373, P = 0.719). An additional PCA and PERMANOVA analysis was also 
conducted with [N] removed to determine if N is over represented in the analysis. 
The omission of [N] caused minimal change to the original analysis and the 
relationship was still highly significant (a reduction of 3% was observed in the total 
variation for each species). Overall leaf quality was lower at CE compared to CA in 
both Eucalyptus species, driven largely by decreasing foliar [N] and N:TNC ratios 
(Tables 2-2 and 2-3).  
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Table 2-3 Mean (± S.E) foliar ratios of Eucalyptus robusta and Eucalyptus tereticornis 
grown at ambient (400 µmol mol-1) or elevated [CO2] (640 µmol mol-1) and ambient (TA) or 
elevated (TA + 4 °C; TE) temperature. 
Species 
CO2 
(µmol 
mol-1) 
Temperature 
(°C) 
C:N N:P N:TNC P:TNC 
E. robusta 
400 
TA 40.38 ± 3.45 5.99 ± 0.34 11.77 ± 1.04 1.96 ± 0.15 
TE 32.33 ± 1.49 6.80 ± 0.22 13.19 ± 1.06 1.97 ± 0.19 
640 
TA 62.79 ± 5.19 5.40 ± 0.37 5.53 ± 0.70 1.03 ± 0.10 
TE 58.06 ± 3.88 5.31 ± 0.22 6.12 ± 0.66 1.21 ± 0.13 
Overall CO2 % Change   
+ 40 - 19 - 114 - 43 
    
E. tereticornis 
400 
TA 36.40 ± 2.71 4.91 ± 0.25 9.38 ± 0.69 1.93 ± 0.15 
TE 31.02 ± 1.62 5.26 ± 0.19 11.46 ± 0.90 2.18 ± 0.16 
640 
TA 52.14 ± 3.83 4.04 ± 0.14 5.77 ± 0.38 1.42 ± 0.06 
TE 45.70 ± 2.47 4.63 ± 0.22 6.80 ± 0.66 1.47 ± 0.12 
Overall CO2 % Change   + 31 - 17 - 65 - 30 
    
 
2.4.3 Foliar traits and insect performance 
On E. tereticornis larval survival was negatively correlated with C:N ratio (F1,32 = 
4.36, P = 0.045) and positively correlated with foliar N:TNC ratio (F1,32 = 5.00, P = 
0.032) (Fig. 2-1); no relationship was found for [N]. However, on E. robusta survival 
was positively correlated with C:N ratio (F1,25 = 6.53, P = 0.017) while no 
relationship was apparent for [N] or N:TNC ratio (Fig. 2-1). No relationship was 
observed between survival and LMA on either E. robusta or E. tereticornis. 
Developmental time of P. atomaria was negatively correlated with foliar [N] (F1,51 = 
4.25, P = 0.044) and positively correlated with C:N ratio (F1,51 = 6.81, P = 0.012). 
No host species effect was observed for either relationship (F1,49 = 0.01, P = 0.954; 
F1,49 = 0.01, P = 0.955; Fig. 2-2). Leaf consumption by P. atomaria was found to be 
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positively correlated with LMA (F1,59 = 17.80, P < 0.001). Pupal weight was 
positively correlated with foliar [N] (F1,52 = 23.67, P < 0.001); no significant host 
species effect was observed (F1,52 = 1.03, P = 0.315). 
 
 
Figure 2-1 Predicted effects (solid line; with dashed lines representing the 95 % confidence 
intervals; circles indicate data points) of (a, b) foliar C:N and (c, d) N:TNC ratios on 
Paropsis atomaria larval survival feeding on (a, c) Eucalyptus robusta or (b, d) Eucalyptus 
tereticornis. 
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Figure 2-2 Predicted effects (solid line; with dashed lines representing 95 % confidence 
intervals) of (a) foliar [N] and (b) C:N ratios on Paropsis atomaria larval developmental 
time feeding on Eucalyptus robusta (circles) and Eucalyptus tereticornis (triangles). The 
relationship of developmental time and C:N ratio is the inverse of the relationship of [N] and 
developmental time as the variation in the C:N ratio is largely due to changes in [N]. 
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2.5 Discussion 
We studied the responses of a common eucalypt insect herbivore feeding on two 
Eucalyptus species exposed to CE and TE, and found significant host plant effects. 
Specifically, we observed an increase in the survival of the leaf beetle P. atomaria 
when feeding on E. robusta grown at CE but a decrease when feeding on E. 
tereticornis grown at CE. CE is known to indirectly affect insects via plant-mediated 
effects while TE can have both direct and indirect effects on herbivorous insects 
(Williams et al. 2003, Murray et al. 2013a). Overall, changes in leaf chemistry of 
both E. robusta and E. tereticornis were more responsive to CE than TE; the latter 
resulted in very little foliar chemistry change compared to TA. Furthermore, we 
found support for the indirect effect of CO2 on insect performance. A significant 
main effect of TE was only found for one insect parameter, i.e. reduction of larval 
developmental time, presumably by directly increasing metabolic rates (Bale et al. 
2002). In contrast to a previous study with cup moths on E. tereticornis grown under 
the combined effects of CO2 and temperature (Murray et al. 2013a), we did not 
observe significant interactive effects of [CO2] and temperature on P. atomaria. 
These differences are possibly due to the analysis of mature leaves by Murray et al. 
(2013a) as opposed to flush leaves analysed here; this had been constrained by the 
scope of both studies addressing the relevant leaf tissue for insects with different 
feeding strategies, senescence and flush feeders (White 2015). 
 
At CE, foliar traits and chemical ratios of E. robusta and E. tereticornis became less 
favourable for insect herbivores: foliar [N] was reduced while LMA and TNC 
increased. This response in both Eucalyptus species to CE is similar to widely 
reported responses for other tree species grown at CE (Stiling and Cornelissen 2007, 
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Robinson et al. 2012). At TE, however, foliar [N] was observed to increase in both 
species, which was contrary to other studies conducted on Eucalyptus (Ayub et al. 
2011, Murray et al. 2013a). Eucalyptus species are rich in carbon-based secondary 
defence compounds, such as phenolics (Moore et al. 2004) that are expected to 
increase at CE (Coley et al. 2002), including in fully expanded E. tereticornis leaves 
(Lawler et al. 1997). Contrary to this expectation, however, TP in flush leaves either 
decreased (E. tereticornis) or showed no response to CE (E. robusta); the absence of 
a CE effect on TP seen in E. robusta was also in accordance with another study on 
fully expanded leaves of Eucalyptus globulus (McKiernan et al. 2012). In a recent 
review on the effects of plant secondary compounds at CE it was observed that in 
approximately 50 % of studies there was an increase in phenolic compounds while 7 
% of studies showed a decrease and the remaining showed no effect (Ryan et al. 
2010). This difference in TP responses at CE may cause alterations in insect 
herbivore response between multiple host plants particularly on plants high in 
phenolic compounds (Kinney et al. 1997, Vigue and Lindroth 2010).  
 
The production of phenolic compounds can be N-costly which may result in trade-
offs between protein and phenolic synthesis (Jones and Hartley 1999, Winkel-Shirley 
2001). Our TP results may be restricted to the flush leaves that we had assessed as 
the ecologically relevant stage that is consumed by P. atomaria. The demand for N 
based compounds required for leaf expansion may take priority over defence of 
expanding leaves as the pool of available nitrogen is decreased at CE potentially 
resulting in TP concentrations differing from other observed studies which may be 
reversed if fully expanded leaves were analysed. Ballhorn et al. (2011) observed leaf 
age-dependent responses in leaf chemistry under CE, highlighting the importance of 
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sampling leaves at an ecologically relevant stage when testing the effects of plant-
mediated effects of CETE on insect herbivores. Paropsis atomaria larvae are strict 
flush feeders (Carne 1966) and may experience different plant-mediated effects on 
performance as a result of climate change than other insect herbivores, such as 
eucalypt cup moth Doratifera quadriguttata that feed on mature foliage (Murray et 
al. 2013a). 
 
Reductions in foliar [N] as a result of CE were found to be correlated with increased 
developmental time and reduced P. atomaria female pupal weights. Decreased 
performance of Eucalyptus insect herbivores has previously also been related to 
reduced foliar [N] (Lawler et al. 1997, Murray et al. 2013b). Longer developmental 
times may result in fewer generations and reduced fecundity as a result of reduced 
pupal weights (Awmack and Leather 2002) at CE which may have implications in the 
population dynamics of insect herbivores and their predators. Longer developmental 
times as a result of plant-mediated effects at CE may increase the exposure of insect 
herbivores to predation and parasitism (Coley et al. 2006) reducing their abundance. 
However, this increased exposure risk to predation at CE may be somewhat 
ameliorated by the direct effects of TE increasing the insects metabolic rate resulting 
in reducing developmental times (Bale et al. 2002, Rouault et al. 2006). Protein to 
carbohydrate (Raubenheimer et al. 2009) and C:N ratios (Lincoln et al. 1984) have 
also been suggested to impact insect performance; indeed, in our study, C:N and 
N:TNC ratios indicated a decline in foliar quality at CE in both E. robusta and E. 
tereticornis. Developmental time was found to be negatively correlated by changes 
in C:N but not N:TNC ratios at CE.  
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Compensatory feeding is often observed at CE in response to decreased foliar [N] 
(Stiling and Cornelissen 2007, Peltonen et al. 2010). Leaf mass consumed by P. 
atomaria larvae at CE increased, indicating larvae attempted to compensate for the 
decrease in foliar nutrient content at CE. TE may also increase the nutrient demands 
of insects as a result of raised metabolic rates (Terblanche et al. 2010, Ehnes et al. 
2011) potentially leading to compensatory feeding as a direct effect of TE (Levesque 
et al. 2002), however, this may not always be the case (Addo-Bediako et al. 2002). In 
our study we did not observe an increase in leaf consumption as a result of TE either 
at CA or CE with the exception of E. tereticornis in which compensatory feeding was 
observed at CETA but not at CETE. This suggests that temperature is unlikely to have 
had a direct effect on leaf consumption but may have an indirect effect which is host 
plant specific. Detailed metabolic analysis of beetle larvae would be required to 
assess any direct temperature effects on metabolic rates. The lack of compensatory 
feeding observed on E. tereticornis when CE and TE were combined confounded the 
results of leaf consumption. Murray et al. (2013a) also observed that D. 
quadriguttata was unable to increase consumption on E. tereticornis at CETE. This 
inability for P. atomaria to increase consumption at CETE on E. tereticornis may be 
as a result of an unmeasured foliar trait acting as an anti-feedant or small undetected 
changes in foliar chemistry when CE and TE are combined. 
 
Larval survival of P. atomaria showed idiosyncratic responses to CE that depended 
on host tree species. Survival of insect herbivores has been shown to decrease as a 
result of CE (Stiling et al. 2003, Robinson et al. 2012) and this was the case when P. 
atomaria larvae fed on E. tereticornis. Surprisingly, larval survival increased on E. 
robusta at CE compared to CA. Interestingly, foliar C:N ratio had opposite effects on 
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survival depending on tree species; increased C:N ratio was correlated with improved 
survival when larvae fed on E. robusta while decreased survival was observed on E. 
tereticornis. Increased leaf toughness, often observed at CE, may prevent 
establishment of feeding sites by first instars which may result in decreased survival 
of herbivorous insects (Nahrung et al. 2001, Stiling and Cornelissen 2007). In our 
study, LMA, used as a proxy for leaf toughness, was found not to affect survival. 
Similarly, on Eucalyptus blakelyi, foliar [N] below 1.2 % has been observed to affect 
survival (Ohmart et al. 1985). Foliar [N] of E. robusta and E. tereticornis were below 
this lower threshold at CE, however, no relationship was observed between foliar [N] 
and survival. Survival of insects may also be directly affected by TE (Rouault et al. 
2006, Friedenberg et al. 2008). We did not detect any significant effect of 
temperature on the survival of P. atomaria larvae suggesting the upper thermal limits 
of this species had not been exceeded and rather the differences in survival observed 
are likely the cause of plant-mediated effects of CO2.  
 
The secondary chemistry of Eucalyptus is considerably complex and differs between 
species (Moore et al. 2004, McKiernan et al. 2012), and this may impact insect 
survival. Damage to the midgut of P. atomaria feeding on resistant Eucalyptus 
grandis clones, ultimately resulting in larval death has previously been observed and 
may be a result of secondary metabolites acting synergistically or being converted 
within the insect to a toxic by-product (Henery et al. 2008). No significant effect of 
TP was observed on larval survival, however, the composition of TP may have been 
very different between CO2 and temperature treatments as well as between 
Eucalyptus species not detected in total phenolic measurements. Further 
investigations on compositional differences of secondary metabolites in Eucalyptus 
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species and how thes compounds are altered by CE and TE may provide insights into 
how insect herbivores may respond to particular secondary metabolites and the 
impact this may have on their growth and survival..  
  
Insect herbivores may experience indirect plant mediated effects as a result of CE and 
TE which TE may exert a direct effect on insects. Only a few studies have assessed 
insect herbivore performance under the combined plant-mediated effects of CE and 
TE, and contrasted with the direct effects of TE on insect metabolism. Niziolek et al. 
(2013) reported no interactive plant-mediated effects of CE and TE on a leaf beetle on 
soybean but a strong direct effect of TE on leaf beetle survival and consumption. 
Murray et al. (2013a) reported strong direct effects of TE which overrode any indirect 
effects of TE and CE on cup moth larval. Beyond the analysis of direct versus indirect 
effects, the few studies investigating the combined role of CE and TE on insect 
performance have reported mixed results. Murray et al. (2013a) observed that direct 
positive effects of temperature was able to ameliorate the negative indirect effect of 
CE on insect performance. Johns & Hughes (2002) observed a partial mitigation of 
CE induced plant mediated effects as a result of direct temperature effects. In our 
study no interactive effects of CE × TE were observed with P. atomaria; although 
developmental time was reduced as a direct result of TE, it did not compensate fully 
for the increased developmental time attributed to the plant-mediated effects at CE. 
This result is similar to Williams et al. (2003) who also observed reduced 
developmental time as a direct result of TE but found no interactive effect with CE. 
More studies investigating the combined effects of CE and TE are required to better 
resolve the predicted responses of insect herbivores under different climate change 
scenarios. As [CO2] and temperature will continue to rise concurrently (IPCC 2013), 
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further studies investigating these abiotic factors in combination will provide 
important information on insect performance and pest potential in a future climate. 
 
2.5.1 Ecological consequences 
So far, a limited number of studies have investigated plant-mediated effects of CETE 
on insect herbivores feeding on different host plant species (e.g. Williams et al. 
2000). This adds uncertainty to the current predictions of diverse plant-insect 
interactions under climate change. Our study showed that it is not appropriate to 
assume that measured responses of herbivorous insects are universal across their 
entire host range. We tested a common eucalypt specialist and observed an increase 
in the survival of larvae feeding on E. robusta at CE while survival decreased on E. 
tereticornis. Insect herbivore responses to CETE may depend on host plant species 
and this may have a major role in determining outcomes of climate change on plant-
insect interactions. Similar to our study on a eucalypt specialist, Williams et al. 
(2000) observed differing performance of a generalist herbivore, gypsy moth 
Lymantria dispar, feeding on two maple species under CETE.  
 
As a consequence of rapid climate change, the herbivore’s range and preference for 
host plants may shift as a result of several mechanisms; avoidance of plant species 
that become less nutritious and more defended under CETE (i.e. via compositional 
changes in plant nutrients and secondary defence compounds, respectively); affinity 
to new host plant species that become more nutritious and less defended under CETE; 
geographical shifts of plants, herbivores and their antagonists and competitors. 
Despite the enormous diversity of Eucalyptus species that may create opportunities 
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for its herbivores to shift host preferences, host switching in general has been 
predicted to be an uncommon outcome of climate change (Coley 1998). However, 
climate change may have powerful direct and indirect effects which may constrain 
herbivore range shifts and host plant adaptation (Pelini et al. 2010), alter plant-insect 
co-evolution and facilitate host switching (Winkler et al. 2009). Further studies 
assessing individual insect herbivore species response to a number of different host 
plant species under CETE (including of more distantly related host plant species for 
generalist herbivores) will enable more accurate predictions about reaction norms of 
insect herbivores and thus about community responses to climate change. 
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Chapter 3 
Climate change, nutrition and immunity: effects of 
elevated CO2 and temperature on the immune function 
of an insect herbivore 
Published as Gherlenda et al., 2016, Journal of Insect Physiology, 85, 57-64 
3  
3.1 Abstract 
Balanced nutrition is fundamental to health and immunity. For herbivorous insects, 
nutrient-compositional shifts in host plants due to elevated atmospheric CO2 
concentrations and temperature may compromise this balance. Therefore, 
understanding their immune responses to such shifts is vital if we are to predict the 
outcomes of climate change for plant-herbivore-parasitoid and pathogen interactions. 
We tested the immune response of Paropsis atomaria Olivier (Coleoptera: 
Chrysomelidae) feeding on Eucalyptus tereticornis Sm. seedlings exposed to 
elevated CO2 (640 µmol mol-1; CE) and temperature (ambient plus 4 °C; TE). Larvae 
were immune-challenged with a nylon monofilament in order to simulate parasitoid 
or pathogen attack without other effects of actual parasitism or pathology. The 
cellular (in vivo melanisation) and humoral (in vitro phenoloxidase PO activity) 
immune responses were assessed, and linked to changes in leaf chemistry. CE 
reduced foliar nitrogen (N) concentrations and increased C:N ratios and 
concentrations of total phenolics. The humoral response was reduced at CE. PO 
activity and haemolymph protein concentrations decreased at CE, while haemolymph 
protein concentrations were positively correlated with foliar N concentrations. 
However, the cellular response increased at CE and this was not correlated with any 
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foliar traits. Immune parameters were not impacted by TE. Our study revealed that 
opposite cellular and humoral immune responses occurred as a result of plant-
mediated effects at CE. In contrast, elevated temperatures within the tested range had 
minimal impact on immune responses. These complex interactions may alter the 
outcomes of parasitoid and pathogen attack in future climates.  
 
3.2 Introduction 
The developmental and physiological responses of insect herbivores to elevated CO2 
(CE) and temperature (TE) have received considerable attention (Zvereva and Kozlov 
2006, Robinson et al. 2012). In contrast, how these insect herbivore responses affect 
the interactions of herbivores with higher trophic levels is poorly understood. This is 
likely due to the difficulty of untangling complex mechanisms involved in multiple 
species responses and interactions (Thomson et al. 2010, Van Baaren et al. 2010), 
including interactions between the insect herbivore immune system with herbivore 
parasites and pathogens. Immune system responses of insect herbivores to CE and TE 
have so far received little research attention. Therefore, our understanding of how 
climate change will alter this important aspect of insect physiology is limited. 
 
The immune systems of insects provide both cellular and humoral responses, and 
differ from vertebrate immune systems in lacking adaptive or acquired immunity 
(Gillespie et al. 1997, Schmid-Hempel 2005, Siva-Jothy et al. 2005). The primary 
insect defence against parasitoids and other foreign invaders occurs through 
encapsulation and melanisation (Vilmos and Kurucz 1998, Smilanich et al. 2009). In 
the initial cellular response, haemocytes adhere to a foreign body present within the 
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insect to form an envelope or capsule. Subsequently, a humoral response is initiated 
as a phenoloxidase (PO) cascade, and this leads to the melanisation of the haemocyte 
capsule, suffocating the foreign body (Stoltz and Guzo 1986, Hung and Boucias 
1996, Kanost and Gorman 2008). 
 
An increase in measured PO activity may indicate a stronger encapsulation response 
through the melanisation pathway (Cotter et al. 2004, Ardia et al. 2012), and some 
studies have provided evidence for such a positive link (Lavine and Beckage 1995, 
Carton and Nappi 1997, Shiao et al. 2001). However, this may also depend on the 
presence of proteases and the precursor of PO, proPO, in the event of an immune 
challenge (Cerenius et al. 2008). The interplay of these multiple factors can confound 
experimental results, and this may explain the findings of other studies that have 
reported no clear correlation between PO activity, encapsulation and melanisation 
response (Wilson-Rich et al. 2008, Srygley 2012, Piñera et al. 2013).  
 
The strength of the encapsulation and melanisation response of larval insect 
herbivores has been shown to be positively correlated with larval health and 
nutrition. Larvae that are not nutrient-limited are better able to encapsulate a 
parasitoid than larvae that are nutrient-limited (Salt 1964, Benrey and Denno 1997). 
The synthesis of melanin, an N containing compound, may be reduced in nutrient-
limited larvae, and this may impact insect immunity (Kan et al. 2008, Lee et al. 
2008). The immune response may also be dependent on haemolymph protein 
concentration (Jacot et al. 2005, Verdu et al. 2013) which in turn may be a function 
of foliar protein availability. In addition, insects exposed to TE may have increased 
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PO activity within the collected haemolymph, thereby displaying an increased 
resistance (Adamo and Lovett 2011, Fuller et al. 2011), as a potential offset of 
nutritional effects on immunity. Furthermore, activating an immune response is 
energetically expensive, and several studies have reported increased metabolic rates 
of insects while expressing an encapsulation response (Freitak et al. 2003, Ardia et 
al. 2012). The varying responses and interactions of immune parameters highlight the 
importance of assessing several immune system parameters at once when evaluating 
immune responses of insects. 
 
Climate change may alter the capacity of insect herbivores to mount an effective 
defence against parasitoids and pathogens. Atmospheric CO2 concentrations have 
increased by more than 40 % in the last 200 years and are predicted to further 
increase in combination with warming due to radiative forcing (IPCC 2013). CE is 
known to negatively alter foliar nutrition for insects, because it decreases foliar N 
concentrations and increases the C:N ratio due to reduced Rubisco protein content 
and resource allocation away from leaves (Ainsworth and Rogers 2007, Stiling and 
Cornelissen 2007, Seneweera et al. 2011), but this may be exacerbated or 
ameliorated in insect herbivores when at TE (Dury et al. 1998, Robinson et al. 2012; 
Chapter 2). CE has been observed to extend developmental times and reduce the 
survival and fitness of insect herbivores as a plant-mediated effect (Robinson et al. 
2012, Murray et al. 2013a; Chapter 2). Shifts in plant nutritional composition at CE 
and TE may also translate into changes in haemolymph protein concentration and the 
immunocompetence of insect herbivores. Previous research investigating the impacts 
of nutritional shifts (independent of climate change) on immunity have demonstrated 
that alterations in diet composition can influence immune system function (Simpson 
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and Raubenheimer 1993, Ponton et al. 2013, Srygley and Lorch 2013). Some plant 
secondary metabolites, particularly phenolics, also improve the encapsulation and 
melanisation response and can provide resistance to bacteria and fungi (Talley et al. 
2002, Ojala et al. 2005). It is predicted that CE will increase the concentration of such 
compounds in leaves (Hovenden and Williams 2010, Ryan et al. 2010) and this may 
further impact immune function.  
 
The objective of this study was to test the response of an insect herbivore immune 
system to the two climate change factors, CE and TE. We also looked to provide 
functional support for predicted and observed ecological shifts in trophic interactions 
towards antagonists including parasitoids in Free-Air CO2 enrichment (FACE) 
experiments (Hillstrom and Lindroth 2008, Hamilton et al. 2012). We investigated 
the immune response of the common eucalypt leaf beetle Paropsis atomaria Olivier 
(Coleoptera: Chrysomelidae) feeding on Eucalyptus tereticornis Sm. at CE and TE 
conditions by inserting a sterile nylon monofilament into final instar larvae. This 
allowed the mechanism of insect immunity to be tested in response to CE and TE 
without the presence of biological agents which may have evolved strategies to 
overcome herbivore immune response.  
 
The specific aims of our study were to: (1) determine the cellular (in vivo 
melanisation) and humoral (in vitro PO activity) responses of P. atomaria larvae 
reared on E. tereticornis seedlings under ambient or elevated CO2 and temperature 
conditions, and (2) explore potential relationships between immunocompetence of P. 
atomaria larvae and changes in plant chemistry at different CO2 and temperature 
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conditions. We hypothesised that the immune response of insects may be altered at 
combined changes in CE and TE conditions compared to ambient conditions through 
plant-mediated effects, and that this may alter susceptibility to parasitoid or pathogen 
attack as a consequence. Although direct and plant-mediated effects of TE on insect 
immune systems have previously been measured (Bauerfeind and Fischer 2014), and, 
similarly, the impact of plant-mediated effects of CE (Yin et al. 2014), our study is, to 
the best of our knowledge, the first to measure the functional responses of insect 
herbivore immune systems at combined changes of CO2 and temperature. 
 
3.3 Materials and methods 
3.3.1 Experimental setup 
Seeds of E. tereticornis were obtained from the Australian Tree Seed Centre 
(CSIRO, Canberra, ACT, Australia; seed lot number 20768) and sown into seeding 
trays containing seed raising mixture (Osmocote seed raising and cutting mix; Scotts 
Australia Pty Ltd, Bella Vista, NSW, Australia) in a greenhouse (26 °C, 55 % 
relative humidity, 400 µmol mol-1 CO2). Seedlings were transferred into 15 L pots 
containing a loamy sand soil (see Ghannoum et al. 2010a for soil properties) one 
month after germination. Ten seedlings were randomly allocated into each of four 
sunlit greenhouse rooms. Seedlings were grown for seven months at two atmospheric 
CO2 concentrations (400 and 640 µmol mol-1, CA and CE, respectively) and two 
temperature (ambient and ambient plus 4 °C, TA and TE, respectively) treatments, in 
a fully factorial design. TA (26/18 °C day/night, 15/9 hours) was based on the 30-
year average temperature during the growing season (November-May) for 
Richmond, NSW (150° 44’ 28” E, 33° 36’ 41” S) while TE was maintained 4 °C 
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above TA. This is consistent with the predicted temperature increase for this region 
and the distributional range of both host tree and herbivore species within this 
century (CSIRO and the Australian Bureau of Meteorology 2014). Furthermore, 
atmospheric CO2 concentrations are predicted to increase to anywhere between 540 
and 970 µmol mol-1 by 2100 (IPCC 2013). The elevated CO2 concentration chosen 
for this study is thus in the lower range of predictions.  
 
Trees were repositioned randomly within the four chambers at regular intervals to 
avoid position effects within chambers. The risk of pseudo-replication effects was 
reduced through several approaches (Quirk et al. 2013, Sherwin et al. 2013). CO2 
concentration and temperature within each chamber were electronically monitored 
and controlled (60 readings per minute) and verified with calibrated portable sensors. 
Light conditions within each chamber were not different between chambers, as 
confirmed in another study that run concomitantly with our experiment (Ryalls et al. 
2013). Furthermore, this study formed part of a series of experiments that measured 
leaf chemistry responses of E. tereticornis from two provenances (including the 
provenance used in this study) to the same CO2 and temperature conditions within 
the same greenhouse. The chambers were rotated between experiments, and 
experiments also included the same insect herbivore species. Results obtained from 
these previous experiments all yielded similar responses in leaf chemistry as reported 
in this study (Chapter 2; A.A.G. Hall, personal communication). Throughout the 
experiment seedlings were well watered and fertilised to limit effects of nutrient 
deficiencies to plants (Chapter 2). Insects were placed on seedlings that had grown 
under experimental conditions for seven months. 
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Egg batches of P. atomaria were collected from a mixed Eucalyptus plantation in 
Richmond, NSW. Egg batches were hatched under CA at 23°C. Larvae were 
transferred onto experimental seedlings once larvae had consumed the egg chorion. 
Broods were evenly split across treatments to control for genetic effects. Each tree 
received twenty larvae which were contained in small organza bags. These were 
moved between branchlets to ensure a constant supply of leaves until the fourth 
(final) instar. Under the experimental conditions larval development of P. atomaria 
varied from 32 to 43 days (Chapter 2). Larvae were frequently observed to not feed 
for considerable periods of time (A. Gherlenda, personal observation), and therefore 
we assumed that short-term unavailability of foliage would not result in an instant 
starvation effect. At the commencement of the fourth instar, larvae were removed 
from the trees and randomly assigned to three treatments; (1) control, (2) sham 
injection (procedural control), and (3) immune-challenge (nylon monofilament 
insertion). The use of a nylon monofilament is a suitable analogue to parasitoid and 
pathogen attack without the damaging effects of the pathogen or parasitoid (Rantala 
and Roff 2007). Each of the treatments had a total of 50 larvae (i.e. five larvae per 
tree, with larvae from ten trees used for all treatments). Larvae were held at 24 °C in 
2 mL micro-centrifuge tubes that were punctured for aeration. Their immune 
responses were measured after a 24 hour period. All larvae were weighed prior to the 
experimental treatment. Larvae were not returned to experimental trees after immune 
challenge treatments to ensure a standardised response. This enables the 
determination of plant chemistry effects on insect immune responses in isolation of 
direct environmental conditions.   
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3.3.2 Melanisation response and haemolymph collection 
Larvae of P. atomaria were surface sterilised with a cotton swab dipped in 70 % 
ethanol prior to puncturing with a sterile 26G Hamilton syringe. Control larvae 
received no puncture, sham injected larvae were punctured only, while nylon 
monofilament insertion larvae received a sterile monofilament (diameter 0.25 mm) 
that was inserted 2 mm deep (up to a knot) into the puncture hole (Rantala et al. 
2003). After 24 hours monofilaments were removed via dissection and haemolymph 
collected from all larval treatment groups with a 10 µL capillary tube. 
Monofilaments were photographed using a dissection microscope mounted camera 
from three different perspectives to account for any light variation (Ardia et al. 
2012). The melanisation response was assessed as the mean grey scale darkness on a 
scale from 0 (light) to 255 (dark) using ImageJ (NIH, Bethesda, Maryland, USA). 
Each image was referenced against the image of an unused monofilament by 
subtracting the grey scale darkness of the reference monofilament from the sample to 
control for differences in lighting (Siva-Jothy et al. 2005, Ardia et al. 2012).  
 
3.3.3 Haemolymph PO activity and protein concentration 
A buffered haemolymph solution was made by adding 5 µL of haemolymph to 200 
µL of ice-cold phosphate buffered saline solution (pH 6.4) and was then frozen at -80 
°C until use (Catalán et al. 2012). PO activity was assessed by adding 100 µL of 
buffered haemolymph solution to 100 µL of 20 mM L-DOPA (Sigma-Aldrich, 
D9628) in a 96 well plate. Absorbance was measured at 492 nm at 25 ºC at 1 minute 
intervals for 30 minutes (Cotter and Wilson 2002). It was established in previous 
trials with a time series that the reaction was in the linear phase during this time 
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period. The reaction PO activity was expressed as the total change in optical density 
divided by the exact amount of haemolymph in the buffered solution (Rantala et al. 
2003). Solubilised protein concentration of the haemolymph was assessed using the 
Bio-Rad protein assay kit (Hercules, California, USA) with bovine serum albumin as 
the standard, resulting in the calibration of PO activity per mg of protein. A subset of 
samples were also run with phenylthiocarbamide (PTC; final concentration 2 µM), a 
known inhibitor of PO (Thomas et al. 1989), to determine if other proteins were 
present which may have influenced the readings of PO activity. Results from these 
trials indicated that no other proteins were present within the haemolymph of P. 
atomaria larvae which could have interacted with the analysis of PO activity. Inter-
plate variation of readings was controlled for by splitting treatment in equal 
presentation across plates. 
 
3.3.4 Foliar chemistry 
Four expanding leaves per tree were collected and oven dried (70 ºC). The four 
leaves from each tree were pooled and ground in a ball mill. Foliar N concentrations 
and C:N ratios were determined using a CHN analyser (LECO TruSpec Micro, 
LECO Corporation, St. Joseph, MI, USA). Concentrations of total phenolics (TP) 
and oxidative capacity was determined as described in Salminen and Karonen (2011) 
using a Folin-Ciocalteu assay with gallic acid (Sigma-Aldrich, St. Louis, MO, USA) 
as the quantification standard. Oxidative capacity is a measure determining the 
proportion of TP that are easily oxidised at a pH of 10, mimicking the conditions of 
an insect gut (Salminen and Karonen 2011). The oven drying of leaves may result in 
the underestimation of total phenolic concentrations due to the degradation of these 
compounds.  
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3.3.5 Statistical analysis 
All statistical tests were performed using the nlme package (Pinheiro et al. 2015) in R 
(v3.2.2 R Development Core Team 2015). PO activity, haemolymph protein 
concentration and melanisation responses were log transformed to normalise the 
model standardised residuals. Multi-factor ANCOVA was used with CO2, 
temperature and insect treatment as fixed factors and insect weight as a covariate. 
The unit of statistical replication in all analyses was set to trees. To determine any 
relationships between immune response traits and foliar chemistry, linear mixed 
effects models were used with the interaction of CO2 × temperature and tree identity 
as a random factor. To determine the R2 value from this model the r.squaredGLMM 
function in the MuMIn R package was used and the marginal R2 used which assesses 
the proportion of variance explained by the fixed factors only (Johnson 2014). 
 
3.4 Results 
CE reduced the foliar N concentration (F1,36 = 37.815, P < 0.001; Fig. 3-1) and 
increased the C:N ratio (F1,36 = 32.793, P < 0.001; Fig. 3-1) of E. tereticornis. For 
the foliar N concentration, an interaction between temperature and CO2 was observed 
(F1,36 = 4.618, P = 0.038) in which TE increased the N concentration only at CA while 
this effect was absent at CE. No significant effects of temperature (F1,36 = 2.748, P = 
0.106) and no CO2 × temperature interaction (F1,36 = 1.192, P = 0.282) were detected 
for the C:N ratio. TP concentrations were significantly increased at CE (F1,36 = 
29.555, P < 0.001; Fig. 3-1). TE did not alter TP concentrations (F1,36 = 2.644, P = 
0.113). The oxidative capacity of TP present within the leaves increased as a result of 
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CE (F1,36 = 9.696, P = 0.004; Fig. 3-1). However, TE reduced the oxidative capacity 
of TP (F1,36 = 11.318, P = 0.002). No interaction was observed between the effects of 
CO2 and temperature on the oxidative capacity of TP (F1,36 = 0.507, P = 0.481). 
 
 
Figure 3-1 Foliar nitrogen concentration (a), C:N ratio (b), total phenolics concentration (c) 
and the oxidative capacity (d) of expanding Eucalyptus tereticornis leaves grown under 
ambient (400 µmol mol-1) or elevated (640 µmol mol-1) CO2 and ambient (26/18 °C 
day/night, 15/9 hours; open bars) or elevated temperature (+4 °C; shaded bars). 
 
Haemolymph PO activity, measured in vitro, and haemolymph protein concentration 
of larvae were not affected by the nylon implant or the sham injection (F2,71 = 2.334, 
P = 0.104; F2,71 = 2.380, P = 0.100; Table 3-1). Larvae of P. atomaria feeding on E. 
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tereticornis leaves at CE had lower PO activity (F1,36 = 10.688, P = 0.002) and lower 
haemolymph protein concentrations (F1,36 = 4.410, P = 0.043) than at CA (Table 3-1). 
In contrast, the melanisation response at CE was higher than at CA (F1,33 = 5.638, P = 
0.024; Table 3-1). Temperature had no effect on any immune traits (PO: F1,36 = 
0.004, P = 0.949; haemolymph protein concentration: F1,36 = 0.040, P = 0.838; 
melanisation response: F1,35 = 0.936, P = 0.340). Larval weight did not affect PO 
activity (F1,71 = 0.592, P = 0.444) or melanisation response (F1,35 = 0.982, P = 0.328), 
however, larval weight was found to be a significant covariate for the haemolymph 
protein concentration (F1,71 = 14.600, P < 0.001). Prior to immune challenge 
experiments, fourth instar larvae were heavier at CE (CA 53.0 ± 1.2 mg, CE 59.7 ± 1.4 
mg; F1,36 = 7.839, P = 0.008) while temperature had no effect on larval weight (F1,36 
< 0.001, P = 0.993). 
 
Haemolymph protein concentration was positively correlated with the foliar N 
concentration (F1,38 = 9.155, P = 0.004, R2 = 0.095; Fig. 3-2) and negatively 
correlated with the C:N ratio (F1,38 = 6.028, P = 0.018, R2 = 0.067; Fig. 3-2) and the 
TP concentration (F1,38 = 4.884, P = 0.033, R2 = 0.056; Fig. 3-2). Haemolymph 
protein concentration was also observed to be negatively correlated with larval 
weight (F1,79 = 19.869, P <0.001, R2 = 0.149; Fig. 3-2). PO activity was negatively 
correlated with the oxidative capacity of TP (F1,38 = 4.259, P = 0.046, R2 = 0.036), 
while no correlation was observed with haemolymph protein concentration (F1,79 = 
2.132, P = 0.148). The melanisation response of P. atomaria larvae was not 
correlated with PO activity (F1,38 = 1.678, P = 0.203), haemolymph protein 
concentration (F1,38 = 0.478, P = 0.494) or any measured foliar traits. 
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Table 3-1 Immunological traits (mean ± S.E) of Paropsis atomaria reared on Eucalyptus 
tereticornis at ambient (400 µmol mol-1, CA) or elevated (640 µmol mol-1, CE) CO2 
concentrations and ambient (26/18 °C day/night, 16/9 hours; TA) or elevated (TA+4 °C; TE) 
temperature. Phenoloxidase (PO) activity and haemolymph protein concentration were 
measured as baseline values (control and sham) and after the insertion of a nylon 
monofilament (challenged) which also enabled measurement of the melanisation response. 
Treatment CO2 Temperature PO activity* 
Haemolymph protein 
(mg/mL) 
Melanisation response# 
Control 
     
 
CA 
TA 0.244 (0.123) 0.186 (0.010) 
 
 
TE 0.338 (0.131) 0.229 (0.020) 
 
 
CE 
TA 0.099 (0.028) 0.188 (0.012) 
 
 
TE 0.108 (0.035) 0.187 (0.006) 
 Sham 
     
 
CA 
TA 0.326 (0.127) 0.181 (0.006) 
 
 
TE 0.155 (0.043) 0.393 (0.201) 
 
 
CE 
TA 0.051 (0.016) 0.180 (0.008) 
 
 
TE 0.113 (0.041) 0.170 (0.005) 
 Challenged 
     
 
CA 
TA 0.118 (0.027) 0.192 (0.014) 19.80 (1.90) 
 
TE 0.103 (0.027) 0.190 (0.008) 20.13 (2.01) 
 
CE 
TA 0.075 (0.042) 0.188 (0.010) 29.12 (3.60) 
 
TE 0.077 (0.028) 0.167 (0.009) 22.46 (1.69) 
* ∆ absorbance values of haemolymph/mg protein; # ∆ grey scale 
 
57 
 
 
Figure 3-2 Linear regression of foliar nitrogen concentration (a), C:N ratio (b), total 
phenolics concentration (c) and larval weight (d) against haemolymph protein concentration 
in Paropsis atomaria larvae. Open circles indicate ambient and closed circles indicate 
elevated CO2 concentrations. The relationship of haemolymph protein with the C:N ratio and 
[N] is mainly the inverse of the relationship of haemolymph protein and [N] as the variation 
in the C:N ratio is largely due to changes in [N].    
 
3.5 Discussion 
Our study demonstrated that CO2 had a strong influence on immune function of P. 
atomaria larvae while the tested temperature range did not alter their immune 
response. CE reduced the herbivore haemolymph protein concentration and its PO 
activity, presumably as a consequence of compositional changes in E. tereticornis 
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leaves at CE. Herbivorous insects feeding on nutritionally deficient foods are 
generally observed to have reduced immune function (Yang et al. 2007, Cotter et al. 
2011, Srygley and Lorch 2013). For P. atomaria larvae, lower haemolymph protein 
concentrations occurred after consumption of leaves with a reduced foliar N 
concentration, increased C:N ratio and increased TP concentration; the latter fraction 
is known to contain N-binding compounds (Rossiter et al. 1988). Our findings 
provide further support that plant-mediated CE effects may impact immune function 
as a result of nutrient stress effects. Larval weight was also negatively correlated 
with haemolymph protein concentration which may be a function of foliar N 
concentration as larvae had a greater weight at CE. This greater larval weight at CE 
may be an outcome of compensatory feeding behaviour observed at CE (Chapter 2). 
Our study rejects the view that increased larval weight may provide increased fitness 
because of concomitant immunological deficits due to CE. Therefore, while it could 
erroneously be concluded, from a simplistic bi-trophic perspective, that CE may have 
increased fitness as a function of larval weight, this may not be the case from a tri-
trophic perspective.  
 
Changes in temperature are reported to alter the immune response of insects (Fischer 
et al. 2011, Karl et al. 2011, Triggs and Knell 2012), however we saw no effect of TE 
on immune responses. In some experiments, TE is reported to increase PO activity 
(Zibaee et al. 2009, Catalán et al. 2012), while no change in PO has also been 
observed (Bauerfeind and Fischer 2014). Bauerfeind and Fischer (2014) found that 
the direct and indirect (plant-mediated) effects of temperature on butterfly larvae had 
very little impact on several baseline immune parameters (only at very high 
temperatures were haemocyte numbers reduced) while no induced immune response 
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was tested. Although our study is unable to differentiate between the direct or 
indirect effects of temperature because of the direct exposure of larvae feeding on 
treated trees, it was observed that the tested temperature range had no overall effect 
on the measured immune parameters of P. atomaria. This may be the result of 
several factors: (1) foliar chemistry of E. tereticornis was largely unresponsive to TE 
with the exception of increased N concentrations at CA. This may limit the indirect 
effect of temperature on immune response mediated by foliar quality; (2) P. atomaria 
occurs along a large latitudinal gradient of up to 1,500 km covering many different 
climatic zones (Schutze et al. 2006). As a result of this, the immune system of P. 
atomaria may be very robust to variation in temperature (TA and TE differed by only 
4 °C); (3) the effects of temperature on immune parameters may be very transient in 
nature (Siva-Jothy and Thompson 2002, Piesk et al. 2013). This may result in any 
direct temperature effects on immune parameters to have potentially been lost 
quickly once insects were moved to ambient temperature conditions at which the 
assays were run in the laboratory. 
 
In this study, we did not observe a correlation between PO activity and melanisation 
response. This is similar to several other studies which also did not find a correlation 
between these traits (Wilson-Rich et al. 2008, Srygley 2012, Piñera et al. 2013). 
Insects that feed on diets which are relatively low in protein and high in carbohydrate 
content, a situation common under CE, have been reported to increase their 
melanisation ability (Schwartz and Koella 2002, Mason et al. 2014). This may 
suggest that carbohydrates rather than proteins may be a limiting factor on the 
melanisation response of insects (Mason et al. 2014). Carbohydrates are known to 
increase in leaves at CE (Stiling and Cornelissen 2007, Robinson et al. 2012) 
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including in leaves of E. tereticornis (Chapter 2). If the tested larvae were indeed 
carbohydrate limited, any increase in leaf carbohydrate content may perhaps explain 
the increase in the melanisation response at CE, independent of PO activity. 
Furthermore, PO activity was analysed in vitro from haemolymph collected from 
individuals. The level of PO activity not only depends on the presence of precursor 
proPO but also on activators such as haemolymph proteases, and their composition 
may have changed between treatments.  
 
Many plant secondary metabolites such as phenolics have also been shown to 
improve insect immune responses by reducing levels of reactive oxygen species 
(Johnson and Felton 2001, Babin et al. 2010). During the melanisation of foreign 
bodies, reactive oxygen species are generated which may damage insect tissues (von 
Schantz et al. 1999, Sadd and Siva-Jothy 2006). Several studies have reported 
increased melanisation responses in insects that were fed diets rich in antioxidant 
compounds such as flavonoids (Ojala et al. 2005, Smilanich et al. 2011). 
Concentrations of TP in E. tereticornis increased at CE. This may contribute to the 
improved melanisation response of larvae feeding at CE as a result of a reduced load 
of reactive oxygen species present within the haemolymph. Although no direct 
correlation of TP with melanisation was observed, our measure of TP is based on an 
extract that can consist of many different compounds present within Eucalyptus 
leaves (Close et al. 2001). Quantification of specific secondary compounds with 
antioxidant abilities may indicate whether concentrations of these compounds 
increased at CE and whether this resulted in increased melanisation response of insect 
larvae at CE. 
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The melanisation response of insects, and their ability to encapsulate an abiotic 
foreign body can predict their capacity to encapsulate parasitoids (Rantala and Roff 
2007, Smilanich et al. 2009). We observed an increase in the strength of the 
melanisation response at CE which may mitigate the reduced in vitro PO activity 
observed at CE. If melanisation is the single most important factor determining 
survival after a parasitoid or pathogen attack, this then suggests that the survival of 
insects after a parasitoid or pathogen attack may not be negatively impacted under 
climate change conditions despite diet changes. Whether immune parameters predict 
survival is still the subject of debate (Enríquez-Vara et al. 2012, González-Santoyo 
and Córdoba-Aguilar 2012, Yin et al. 2014), but the general consensus indicates that 
individual immune parameters cannot predict resistance (Demas and Nelson 2011, 
Moreno-García et al. 2013). Furthermore the reduction in haemolymph protein 
concentration at CE may make insect herbivores sub-optimal hosts for parasitoids 
potentially impacting survival (Hunter 2003). Further investigations into the role of 
specific leaf compounds on immunity coupled with biotic challenge of the immune 
system will shed light on these complex interactions. Our study has demonstrated 
that in vitro PO activity and melanisation responses of insect herbivores are complex 
and impacted by changing leaf chemistry. Furthermore, aspects of measured immune 
responses acted in opposite directions at CE. Insects may experience shifts in the 
relative strength of each immune parameter and this may alter the ability of an insect 
to successfully defend against parasitoid or pathogen attack under climate change 
conditions. 
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Chapter 4 
Precipitation, not CO2 enrichment, drives insect 
herbivore frass deposition and subsequent nutrient 
dynamics in a mature Eucalyptus woodland  
Published as Gherlenda et al., 2016, Plant and Soil, 399, 29-39 
4  
4.1 Abstract 
Herbivorous insects are important nutrient cyclers that produce nutrient-rich frass. 
The impact of elevated atmospheric [CO2] on insect-mediated nutrient cycling, and 
its potential interaction with precipitation and temperature, is poorly understood and 
rarely quantified. We tested these climatic effects on frass deposition in a nutrient-
limited mature woodland. Frass deposition by leaf-chewing insects and its chemical 
composition was quantified monthly over the first two years at the Eucalyptus free-
air CO2 enrichment experiment and contrasted with leaf nitrogen concentration, 
rainfall and temperature. Leaf-chewing insects produced yearly between 160 to 270 
kg ha-1 of frass depositing 2 to 4 kg ha-1 of nitrogen. Frass quantity and quality were 
influenced by rainfall and average maximum temperatures. In contrast, elevated CO2 
did not impact nitrogen concentrations in fully expanded leaves and frass deposition 
to the woodland floor. Two years of elevated CO2 did not alter nutrient transfer by 
leaf-chewing insects. This may be due to the low nutrient status of this ecosystem, 
duration of CO2 fumigation or climatic conditions. However, rainfall co-occurring 
with seasonally higher temperatures exerted strong effects on nutrient cycling, 
potentially through shifts in leaf phenology with consequences for insect population 
dynamics and insect-mediated nutrient transfer.  
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4.2 Introduction 
Insect herbivores living within forest canopies play major roles in terrestrial 
ecosystems; they can shape community structure and link above- and belowground 
processes via their roles in forest nutrient dynamics (Schowalter 2000, Bardgett and 
Wardle 2003, Frost and Hunter 2004). Insect herbivores can directly affect soil 
nitrogen (N) availability by the deposition of frass (insect excrement), transferring N 
from leaf tissue to the forest floor within the same season and prior to leaf 
senescence (Frost and Hunter 2007). Herbivores also indirectly impact nutrient 
transfer through alterations in plant community composition that can change leaf 
decomposition rates and nutrient release (Schweitzer et al. 2005, Chapman et al. 
2006). 
 
It is well established that elevated atmospheric CO2 concentrations, hereafter CE, 
alter leaf chemistry and physical properties of plants (Ainsworth and Rogers 2007). 
CE often leads to a decrease in foliar [N] (Ellsworth et al. 2012) and increases in 
carbohydrate concentrations resulting in an increased C:N ratio (Stiling and 
Cornelissen 2007, Duval et al. 2012, Sardans et al. 2012, Sistla and Schimel 2012). 
Some secondary compounds, such as phenolics, are also expected to increase under 
CE (Ryan et al. 2010). Alterations to foliar chemistry at CE generally have negative 
impacts on insect herbivore performance, such as increased developmental time and 
reduced pupal weights (Robinson et al. 2012, Murray et al. 2013a; Chapter 2). Leaf 
consumption is also expected to increase, potentially via compensatory feeding in 
response to reduced foliar nutrient concentrations (Stiling and Cornelissen 2007). 
Changing patterns of leaf consumption or varied insect herbivore abundance as a 
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result of plant-mediated CE effects may therefore have implications for forest 
nutrient transfer mediated by frass deposition.  
 
Leaf consumption by insects results in the production of frass which contains 
nutrients such as N and phosphorus (P) in higher concentrations and in a more labile 
form than in leaf litter (Lovett et al. 2002, Madritch et al. 2007). Nutrients contained 
within frass, particularly N, can quickly be re-assimilated by forest plants (Frost and 
Hunter 2007), transported from the forest via water runoff (Townsend et al. 2004, 
Frost and Hunter 2007) or immobilised by the microbial community (Hillstrom et al. 
2010, Kaukonen et al. 2013). It has been suggested that the role of frass deposition 
within forest nutrient cycling is most pronounced during insect outbreaks (Hollinger 
1986, Reynolds et al. 2000). Recent studies, however, have shown that insect 
herbivores at normal population levels also significantly impact nutrient cycling and 
soil processes (Hunter et al. 2003, Meehan et al. 2014).  
 
Changes in leaf chemistry mediated by environmental factors such as CE, 
precipitation and temperature may result in altered frass chemistry, including the 
amount of phenolic compounds and C:N ratio. This may have implications on forest 
processes utilising frass as a nutrient source. For example altered frass C:N ratios 
may influence plant associations with microbial symbionts (Katayama et al. 2010, 
Kagata and Ohgushi 2012c). Incomplete understanding of the intricate relationship 
between insect-mediated nutrient cycling and environmental factors such as rainfall 
and seasonal temperature variations, adds further uncertainty to how forest nutrient 
cycling will be impacted by climate change.  
65 
 
 
This study assessed frass deposition by leaf-chewing insect herbivores from the 
canopy to the woodland floor of the Eucalyptus free-air CO2 enrichment (EucFACE) 
experiment. We aimed to assess the impact of CE on aspects of nutrient cycling 
driven by leaf-chewing insects within this nutrient-limited woodland ecosystem 
described by Crous et al. (2015) and Nielsen et al. (2015). It was hypothesised that 
frass deposition in this mature Eucalyptus woodland would increase at CE due to 
compensatory feeding by leaf-chewing insects in response to plant-mediated CE 
effects (if any were detected). Such compensatory feeding was observed in most 
laboratory studies (Stiling and Cornelissen 2007, Robinson et al. 2012), including 
two key Eucalyptus herbivore species found at EucFACE, Paropsis atomaria 
(Coleoptera: Chrysomelidae) and Doratifera quadriguttata (Lepidoptera: 
Limacodidae) (Murray et al. 2013a, Murray et al. 2013b; Chapter 2). However, 
potential compensatory feeding responses have so far only been tested in few field 
studies (Meehan et al. 2014, Couture et al. 2015). 
 
 As a secondary aim, we investigated the effect of environmental variation in rainfall 
and temperature on seasonal and annual variability in insect herbivore frass 
production in this mature and evergreen Eucalyptus woodland over a two year 
period. Previous studies have assessed frass and associated nutrient deposition in 
Eucalyptus woodlands mostly as individual time snapshots, resulting in considerable 
variation in the frass production reported for these ecosystems (Ohmart et al. 1983, 
Ohmart 1984, Lowman and Heatwole 1992). However frass deposition may depend 
on rainfall that drives production of new foliage in evergreen Eucalyptus, and on 
temperature, a key factor for insect development and activity (Chapter 2). Previous 
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research demonstrated that the production of new foliage (flush growth) in 
Eucalyptus due to rainfall (Pook 1984) can stimulate herbivory while insect activity 
is highest in the summer (Ohmart et al. 1983, Heatwole et al. 1997). Therefore, we 
hypothesised that precipitation during periods with higher average maximum 
temperatures would also increase frass deposition as a function of new leaf 
production and increased insect activity. 
 
4.3 Materials and methods 
This study was conducted at the EucFACE experiment which is located in a remnant 
of native Cumberland Plain Woodland in Richmond, NSW, Australia. The EucFACE 
experiment comprises six 25 m diameter FACE rings which extend above the tree 
canopy. Three rings were supplied with ambient [CO2] and the other three rings 
received elevated [CO2]; CO2 was supplied to all rings via a proportional-integral-
derivative control algorithm (Lewin et al. 2009), and without changing airflow in 
rings so that it would not impact insect mobility (Hamilton et al. 2012). CO2 
enrichment began in September 2012 and was gradually increased at a rate of 30 
µmol mol-1 per month until the maximum concentration of 150 µmol mol-1 above 
ambient [CO2] was reached in February 2013; it was then kept at this diurnal [CO2] 
target within the elevated rings. Except for the fumigation and experimental set up, 
the study site has remained undisturbed for at least 75 years and is dominated by 
mature Eucalyptus tereticornis trees forming an open tree canopy with a grassy 
understory characteristic for the Shale Plains Woodland community, the most widely 
distributed vegetation community of Cumberland Plain Woodland (Tozer 2003, 
Crous et al. 2015 for detailed site description).  
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Eight plastic baskets with a collection surface area of 0.1979 m2 (an ellipsoid with 
lengths of 0.56 × 0.45 m) and with a depth of 0.40 m were randomly allocated within 
each treatment and control ring, and staked approximately 20 cm above the 
woodland floor. Each basket was lined with a fine nylon mesh (200 µm aperture) 
weighted down in the centre. This allowed collection of material deposited from the 
E. tereticornis canopy while allowing precipitation to freely pass through. Five 
baskets were initially installed in each ring in mid-September 2012 and additional 
three baskets were added to each ring in mid October 2012. Frass was collected 
monthly for two years from all eight traps per ring starting from mid November 2012 
until mid-October 2014. Therefore, year 1 was defined as from November 2012 to 
October 2013; year 2 as from November 2013 to October 2014. Frass was oven-dried 
at 40 °C for 72 hours. Frass of leaf-chewing herbivores was identified by shape, 
texture and colour, and sorted from other material collected (e.g. litterfall, bark) 
under a dissecting microscope (Couture et al. 2015). For the purpose of this study we 
have excluded lerps, starchy excretions by plant-sucking psyllids commonly found 
on Eucalyptus (Hall et al. 2015). This is consistent with other frass studies that have 
quantified frass exclusively from leaf-chewing insects (Ohmart et al. 1983, Couture 
et al. 2015). After sorting, frass samples were weighed and then pooled per ring 
before being ground to a fine powder for chemical analysis. 
 
For each month, [C] and [N] of frass samples were measured with a CHN elemental 
analyser after combustion (TruSpec micro, LECO Corp., St. Joseph, MI, USA; and 
FLASH EA 1112 Series CHN analyser, Thermo-Finnigan, Waltham, MA USA). 
Monthly [P] were determined by placing 50 mg of each sample in a muffle furnace 
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(550 °C) for 8 hours. The resulting ash was dissolved in 5 mL of 1 % perchloric acid 
and total [P] quantified by ascorbic acid-molybdate reaction (Murphy and Riley 
1962) that was run in technical triplicates. Monthly total phenolics (TP) content was 
determined as described in Salminen and Karonen (2011), in technical triplicates, 
using a Folin-Ciocalteu assay with gallic acid monohydrate (Sigma-Aldrich, St. 
Louis, MO, USA) as the quantification standard. 
 
Two fully expanded and mature leaves from three trees per ring were collected in 
October 2012 (during ramp-up), and February (after ramp-up), May and September 
2013 (constituting year 1 of frass collection) and in November 2013, February, May 
and November 2014 (constituting year 2 of frass collection). A single collection of 
flush leaves was also conducted in February 2014 for comparison with mature leaves 
collected at the same time. Throughout the study, leaf flushing periods were 
observed starting in late January 2013 (minor flushing in year 1) and December 2013 
(major flushing in year 2; D.S. Ellsworth, personal communication). Leaves from 
each ring were freeze-dried and ground to a fine powder with a ball mill (MM400 
Retsch, Haan, Germany). Foliar N was determined with a CHN elemental analyser 
after combustion (TruSpec micro, LECO Corp., St. Joseph, MI, USA; and FLASH 
EA 1112 Series CHN analyser, Thermo-Finnigan, Waltham, MA, USA). Data of leaf 
[N] were analysed for elevated CO2 effects in JMP (JMP v. 11, SAS Institute, Cary, 
NC, USA) with a repeated measurements ANOVA. 
 
For each monthly frass sample, the dry weight was divided by the duration in days 
between monthly collections and multiplied by 30 to obtain the monthly frass 
deposition. Annual amounts of C, N, P and TP transferred to the woodland floor by 
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herbivorous insects were calculated as the mass of frass in a given month multiplied 
by the concentration as determined by chemical analysis for each respective month. 
Linear mixed effects models fitted by restricted maximum likelihood were used to 
determine the effect of CE, time, rainfall and average maximum temperature on frass 
deposition and chemistry in R (v3.2.0, R Development Core Team 2015) using the 
nlme package (v3.1-118, Pinheiro et al. 2015). Ring identity and month were 
included as random factors in order to account for repeated measures. An 
autocorrelation function was used in order to test for temporal autocorrelation and 
model residuals. The EucFACE rings were treated as the replication unit in all 
statistical analyses. Monthly rainfall values (starting with the 15th day of each month 
and ending with the 14th day of the following month, in order to match the mid-
monthly periodicity of the frass collection) were obtained from automated tipping 
buckets (Tipping Bucket Rain gauge TB4, Hydrological Services Pty Ltd, Liverpool, 
NSW, Australia) located 23.5 m high on the central tower in three rings, while 
average monthly maximum temperatures were obtained from a HUMICAP sensor 
(HMP 155 Vaisala, Vantaa, Finland) located 23.5 m high on the central tower in all 
six rings. Data obtained from both sensors were logged every 15 minutes using 
CR3000 data loggers (Campbell Scientific, Townsville, Australia). Average monthly 
and minimum temperatures did not significantly affect frass deposition, thus only 
maximum temperatures were modelled. Rainfall occurring 30 days prior to the frass 
collection period and average maximum temperature was modelled, and R2 values 
were obtained using the r.squaredGLMM function in the MuMIn R package (Johnson 
2014, Barton 2015).  
 
70 
 
4.4 Results 
The quantity of insect herbivore frass falling to the woodland floor was not 
influenced by the CE treatment (P = 0.698; Fig. 4-1a). In year 1, frass deposition 
peaked in November and from March to May, with a smaller third peak in 
September, while in year 2 frass deposition peaked in January and March (Fig. 4-1a). 
No significant difference in total yearly rainfall was observed between the two years 
(P = 0.873) but the distribution of rainfall differed between years (Fig. 4-1b). In year 
1, rainfall peaked in February and March, while in year 2, it peaked in December 
with a smaller peak in April. Monthly frass deposition was positively correlated with 
rainfall 30 days prior to the collection period (P < 0.001, R2 = 0.080; Fig. 4-2a). 
Higher monthly average maximum temperatures also significantly stimulated frass 
deposition up to about 30 °C (P < 0.001, R2 = 0.155, Fig. 4-2b). 
 
 
Figure 4-1 Mean (± S.E.) monthly frass deposition by leaf-chewing canopy insects (a) and 
monthly rainfall (b) in the first and second year of the Eucalyptus free-air CO2 enrichment 
experiment at ambient or elevated [CO2]. 
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Figure 4-2 Relationship between frass deposition by leaf-chewing canopy insects and 
rainfall occurring 30 days prior to the frass collection period (a) and average monthly 
maximum temperatures (b) over a two year period. Solid line indicates regression curve with 
dashed lines indicating predicted 95 % confidence intervals from the statistical model (mean 
ring monthly frass deposition values displayed). Filled circles represent ambient [CO2], and 
open circles represent elevated [CO2]. 
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For both years, monthly frass deposition to the woodland floor ranged between 10 
and 40 kg ha-1 (Fig. 1a). In year 1, average monthly frass deposition was 22.3 ± 2.6 
kg ha-1 and this significantly decreased to 13.5 ± 2.2 kg ha-1 in year 2, regardless of 
CO2 treatment (Fig. 4-3a; Table 4-1). Similarly, frass [N] and [P] were 44% and 45% 
lower in year 2 (P = 0.002; P = 0.009, respectively; Fig. 4-4) while the C:N ratio 
increased by 16% (Table 4-2); no other frass chemical characteristic was altered 
between the years (Table 4-2). Frass [N] and [P] were also not significantly altered 
by CE (P = 0.809; P = 0.709, respectively; Fig. 4, Table 4-2), however, they 
fluctuated throughout both years. Frass [N] was highest in February of year 1 while 
in year 2, [N] was highest in December (Fig. 4-4a); this seasonal pattern was also 
consistent for frass [P] (Fig. 4-4b). Based on these concentration values and total 
frass deposition, annual deposition of frass components (C, P, N and TP) were 
significantly reduced in year 2 (Fig. 4-3b-e, Table 4-1), while CE did not significantly 
alter the total quantity of N, P, C and TP transferred from the canopy to the soil via 
frass deposition (Fig. 4-3b-e; Table 4-1).  
 
Table 4-1 Linear mixed effect model results (P values) on total frass, carbon, nitrogen, 
phosphorus and total phenolics deposition at the EucFACE site. d.f. represents degrees of 
freedom and bold values indicate significance at P<0.05.  
  d.f. Frass Carbon Nitrogen Phosphorus Total phenolics 
CO2 1,4 0.750 0.742 0.694 0.651 0.723 
Year 1,4 0.017 0.016 0.012 0.011 0.019 
CO2 x year 1,4 0.708 0.682 0.659 0.691 0.762 
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Figure 4-3 Mean (± S.E.) dry mass of frass (a), carbon (b), phosphorus (c), nitrogen (d), and 
total phenolics (e) transferred to the forest floor by leaf-chewing canopy insects and yearly 
average foliar [N] (f) of Eucalyptus tereticornis in the first and second year of the Eucalyptus 
free-air CO2 enrichment experiment under ambient (shaded bars) and elevated (open bars) 
[CO2]. 
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Figure 4-4 Mean (± S.E.) monthly [N] (a) and [P] (b) contained within frass deposited by 
leaf-chewing canopy insects at ambient (filled circles) or elevated (open circles) [CO2] at the 
Eucalyptus free-air CO2 enrichment experiment. 
 
The average [N] in leaves of E. tereticornis was 16.6 ± 0.4 mg g-1 at ambient and 
15.9 ± 0.4 mg g-1 at CE in year 1, while in year 2 average foliar [N] was 16.6 ± 0.9 
mg g-1 at ambient and 16.4 ± 0.9 mg g-1 at CE (Fig. 4-3f). Overall, foliar [N] was not 
impacted by CE (P = 0.681), and no significant difference was observed between 
years (P = 0.808; Fig. 4-3f); however, a significant monthly effect was observed (P < 
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0.001; Fig. 4-5). The single collection of flush foliage in February 2014 revealed 
higher foliar [N] when compared to mature leaves collected at the same time point (P 
= 0.003; Fig. 4-5), and after a significant amount of rainfall in December 2013 (Fig. 
4-1b) that had stimulated the production of new flush foliage (D.S. Ellsworth, 
personal communication).  
 
 
Figure 4-5 Average monthly foliar [N] of Eucalyptus tereticornis from mature leaves 
(circles) and a single collection event of flushing leaves (triangles) under ambient (filled 
symbols) or elevated (open symbols) [CO2] at the EucFACE site between October 2012 and 
November 2014. Increased leaf [N] over the seasons represents a new leaf cohort (i.e. May 
2013 and Feb 2014). 
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Table 4-2 Mean (± S.E.) yearly concentrations (% dry weight) of carbon, nitrogen, 
phosphorus, and total phenolics as well as C:N and N:P ratios of frass falling from the 
canopy under ambient (CA) or elevated (CE) concentrations, with analysis results of the 
linear mixed effects model. 
    Carbon Nitrogen Phosphorus 
Total 
phenolics C:N N:P 
Year 1 
       
CA 
 
52.71 
(0.14) 
1.55 
(0.08) 
0.12 
(0.001) 
6.01 
(0.55) 
35.66 
(0.94) 
13.05 
(0.65) 
CE 
 
52.79 
(0.21) 
1.53 
(0.04) 
0.12 
(0.007) 
6.15 
(0.21) 
35.41 
(1.03) 
12.6 
(0.45) 
Year 2 
       
CA 
 
52.99 
(0.29) 
1.32 
(0.04) 
0.10 
(0.006) 
5.84 
(0.20) 
41.21 
(1.22) 
13.76 
(0.70) 
CE 
 
52.96 
(0.24) 
1.32 
(0.06) 
0.10 
(0.007) 
5.86 
(0.22) 
41.30 
(1.85) 
13.50 
(1.04) 
        
 
d.f. P-value 
     CO2 1,4 0.832 0.824 0.691 0.781 0.899 0.690 
Year 1,4 0.176 0.050 0.026 0.626 0.038 0.413 
CO2 × year 1,4  0.663  0.873  0.906 0.824  0.903  0.870 
 
4.5 Discussion 
Over a two year period, and at the start of the EucFACE experiment, significant 
temporal variations were observed both in the total amount of frass deposited and its 
nutrient composition while CO2 treatment itself did not impact frass quantity or 
composition in this mature Eucalyptus woodland. Within each year, at least two 
peaks in frass deposition and therefore nutrient transfer to the woodland floor were 
apparent between September to May (spring to autumn) with lowest frass production 
in winter. Peaks in frass deposition were a function of rainfall in the month prior to 
the frass peak and average monthly maximum temperature; the frass deposition 
peaks were also linked with the observed production of new foliage with higher [N] 
than mature leaves measured at the same time point. Furthermore, frass deposition 
and frass nutrient content was lower in the second year, possibly due to a shift of 
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rainfall events in the second year. Overall our results are in strong support of our 
second hypothesis regarding rainfall and temperature as key drivers of frass 
deposition in the mature and evergreen Eucalyptus woodland of the EucFACE site, 
while we did not find support for our first hypothesis of CE effects on leaf [N], frass 
quantity and composition two years into the EucFACE experiment. 
 
Many Eucalyptus-feeding insects are known to preferentially feed on young 
expanding leaves because of their higher [N] (Lowman 1985, Steinbauer et al. 1998, 
Nahrung et al. 2008; Chapter 2). The production of Eucalyptus flush foliage can 
occur anytime throughout the year and is mostly driven by water availability and 
temperature (Davison and Tay 1989, Pook et al. 1997, Myers et al. 1998). Therefore, 
rainfall and temperature stimulating flush production may indirectly impact 
herbivorous insect population dynamics (and with it, frass deposition and nutrient 
cycling) while insect activity will also be directly stimulated by higher temperatures. 
Shifts in the timing of leaf production may thus impact insect populations and 
community composition (Heatwole et al. 1997), and with it frass production.  
 
Frass deposition at the EucFACE experiment decreased in the second year, and this 
may have been due to several factors acting independently or interactively on insect 
abundance or composition; (1) the functional relationship between plant growth and 
herbivorous insect development may have been disrupted because of a shift in 
rainfall and leaf phenology; (2) less frass may have been produced because of a shift 
to a different insect community composition. For example, the herbivore community 
composition may have changed towards senescence leaf-chewers (White 2015), or 
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alternatively there may have been a shift from leaf-chewing (therefore frass-
producing) to plant-sap feeding herbivores; or a population increase at higher trophic 
levels may have suppressed insect herbivores via increased predation or parasitism 
(Hamilton et al. 2012). However, detailed characterisation of the insect herbivore 
community is not yet available for the EucFACE site to address this question.  
 
Frass nutrient concentrations, including frass [N], significantly decreased in the 
second year, while foliar [N] was not different between both years. While in 
principle an interesting disparity, any functional interpretation of this difference 
needs to be made with extreme caution. The frass collection effort was far more 
comprehensive than leaf collection throughout our study. Furthermore, leaf samples 
represent a single plant species response while frass samples (albeit from the same 
single plant species) are derived from an insect species community response. For 
example, the ability of insects to extract foliar nutrients from the same plant species 
may differ and vary in time depending on insect species, and this may result in 
diverging chemistry of frass from leaves (Knepp et al. 2007, Couture and Lindroth 
2014, Meehan et al. 2014). Similar to the reduction of frass mass deposited, the 
reduction in frass [N] may be due to nutrient shifts away from leaf-chewing insects 
towards other functional herbivore groups (i.e. plant sap feeding insects) for which 
our frass collection approach was not appropriate.  
 
Research of another forest FACE site, Aspen FACE, has demonstrated that CE can 
enhance nutrient transfer by leaf-chewing herbivorous insects (Hillstrom et al. 2010, 
Meehan et al. 2014, Couture et al. 2015). Frass deposition analyses in Aspen FACE 
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were started 10 years after CO2 fumigation began, and were undertaken over two 
years between late May to early September each year (Couture et al. 2015) because 
of their deciduous nature. In contrast, frass by leaf-chewing insects at EucFACE was 
collected from evergreen Eucalyptus trees during the first two years of elevated CO2 
fumigation. There is evidence to suggest that the age of trees and the total length of 
exposure influences tree responses to CE (Gunderson and Wullschleger 1994, Curtis 
1996). Moreover, trees at Aspen FACE have been exposed to CE from the seedling 
stage throughout the establishment phase (Dickson et al. 2000) while in EucFACE 
fumigation occurred on already established and mature trees. Furthermore, and in 
contrast to Aspen Face, the EucFACE site is P-limited (Crous et al. 2015) and this 
may limit the CE response of E. tereticornis in growth, photosynthetic rates or leaf 
chemistry, with consequences for the insect community and insect-mediated nutrient 
transfer. P limitations at the EucFACE site has also been observed to define soil biota 
(Nielsen et al. 2015). The overall difference in tree ontogeny and duration of 
fumigation between both FACE experiments may be responsible for the contrasting 
responses; E. tereticornis trees at EucFACE may have had the ability to offset short-
term CE exposure by accessing nutrient reserves. Given that there was no effect of CE 
on leaf [N] and therefore no basis for an expectation of compensatory feeding, our 
hypothesis of increased frass production at CE within the first two years of EucFACE 
was rejected. Future analyses of leaf [N] and frass deposition after prolonged CO2 
exposure may show significant differences between ambient and elevated CO2 
treatments, in particular as there was a trend towards lower leaf [N] at CE for some 
months. Previous studies at other FACE sites such as Duke FACE have also reported 
delayed onset of reduced leaf [N] at CE (Ellsworth et al. 2012). In the future it will 
also be important to consider the effects of CE on different developmental stages of 
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leaves because herbivore species have different preferences for either flush, mature 
or senescent foliage (White 2015; Chapter 2). 
 
There are several limitations which constrain the interpretation of results when 
reporting frass inputs from herbivorous insects to the forest floor: FACE rings and 
CO2 fumigation do not prevent insect movement allowing insects to freely move 
between treatments (Hamilton et al. 2012). However, insects may respond 
behaviourally to plant-meditated effects of CO2 treatments such as changes in the 
emitted volatile carbon profile. This could impact adult insects in their choice of diet, 
or adult female insects in their choice of oviposition sites, but is unlikely to impact 
larval stages that are restricted in their movement. Frass collected within our study 
was more likely from the larval stages that probably completed their development 
within a single treatment ring. Excretions from phloem-feeding insects were not 
measured yet are known to also impact nutrient transfer (Stadler et al. 2001) and this 
may be significant if at high abundance such as observed for psyllids on Eucalyptus 
(Steinbauer et al. 2014, Hall et al. 2015). High numbers of psyllid lerps were 
observed in frass traps throughout our study, and psyllid populations culminated into 
large numbers causing considerable canopy defoliation after frass collections ceased 
(A.N.G. and M.R., personal observation), and this will require further investigation 
in the future. Finally, precipitation may have leached out collected frass mass and its 
nutrient content. Estimates of reductions in the mass of frass as a result of 
precipitation can be as high as 34% depending on the producer of frass and the 
intensity of precipitation events (Mizutani and Hijii 2001). Therefore, the values 
reported in our study should be considered as an under-estimate of frass deposition 
and nutrient content. 
81 
 
 
Our study demonstrated in monthly accumulative sampling over two years that leaf-
chewing herbivorous insects, even at non-outbreak levels, can transfer significant 
amounts of frass mass (160-270 kg ha-1 per year) and nutrients (e.g. 2-4 kg N ha-1 per 
year) from the canopy to the floor of a Eucalyptus woodland. This comprehensive 
measurement allowed correlation of frass deposition by leaf-chewing insects with the 
temporal and seasonal variation of precipitation and temperature. The most likely 
link between rainfall, temperature and frass deposition is the production of new 
canopy foliage, with higher [N] content that then drives insect herbivore abundance 
and population dynamics when they are most active during the warmer parts of the 
year. The interactions of environmental variables such as rainfall and temperature, 
with CE is still rarely addressed (Murray et al. 2013a, Murray et al. 2013b; Chapter 2) 
yet may be an important aspect in modelling climate change responses of insect 
herbivores specifically, but also of forest ecosystems more widely. In nutrient-poor 
ecosystems, the effects of CE on frass deposition and composition may be masked by 
abiotic factors such as rainfall and temperature which drive leaf phenology and insect 
population dynamics. 
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Chapter 5 
Insect herbivory in a mature Eucalyptus woodland 
canopy depends on leaf phenology but not CO2 
enrichment  
5  
5.1 Abstract 
Climate change factors such as elevated atmospheric carbon dioxide concentrations 
(CE) and altered rainfall patterns can alter leaf composition and phenology. This may 
subsequently impact insect herbivory. In sclerophyllous forests insects have 
developed strategies, such as preferentially feeding on new leaf growth, to overcome 
physical or foliar nitrogen constraints, and this may shift under climate change. Few 
studies of insect herbivory at CE have occurred under field conditions and none on 
mature evergreen trees in a naturally established forest. Here, we assessed herbivory 
in the upper canopy of Eucalyptus tereticornis trees at the Eucalyptus free-air CO2 
enrichment (EucFACE) experiment during the first 19 months of CO2 enrichment. 
The assessment of herbivory extended over two consecutive spring – summer 
periods, with a first survey during four months of the [CO2] ramp-up phase after 
which full [CO2] operation was maintained, followed by a second survey period from 
month 13 to month 19 after start of CO2 enrichment. Throughout both phases, young, 
expanding leaves sustained significantly greater damage from insect herbivory 
(between 25 % and 32 % leaf area loss) compared to old or fully expanded leaves 
(less than 2 % leaf area loss). This preference of insect herbivores for young 
expanding leaves combined with discontinuous production of new foliage, which 
occurred in response to rainfall, resulted in monthly variations in leaf herbivory. CE 
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had no effect on leaf consumption or preference of insect herbivores for different leaf 
age classes. In the studied nutrient-limited natural Eucalyptus woodland, herbivory 
contributes to a significant loss of young foliage. Leaf phenology is a significant 
factor that determines the level of herbivory experienced in this evergreen 
sclerophyllous forests, and may therefore influence the population dynamics of insect 
herbivores. Leaf phenology itself seems more strongly impacted by rainfall patterns 
than by CE. 
 
5.2 Introduction 
Climate change and its drivers can have a significant impact on the physiology, 
abundance and distribution of insect herbivores (Tylianakis et al. 2008, Cornelissen 
2011, Buckley and Kingsolver 2012). Elevated CO2 concentrations (CE) often reduce 
the growth and survival of insect herbivores as a plant-mediated effect influenced by 
the decrease in leaf nitrogen concentrations generally observed at CE (Hunter 2001, 
Ainsworth and Rogers 2007, Stiling and Cornelissen 2007, Robinson et al. 2012). 
Climate change may also alter the timing and amount of precipitation, and this can 
potentially impact insect abundance and phenology both directly, and indirectly as a 
consequence of changes in plant phenology and productivity (Whitfeld et al. 2012, 
Lee et al. 2014; Chapter 4). It has been demonstrated that CE can increase plant net 
primary production (NPP) (Norby et al. 2005, Zak et al. 2011) and this could 
potentially benefit insect herbivores as a result of greater resource availability. 
However, this increase in NPP may be constrained or even reduced in nutrient-
limited (Johnson 2006, Norby et al. 2010) or water-limited forests (Duursma et al. 
2016), also as a potential consequence of changing herbivory patterns. Furthermore, 
the measurement of NPP in field experiments may be underestimated if the impacts 
84 
 
of herbivory are not measured, in particular the failure of new leaves to expand, due 
to herbivory on meristems and very young expanding leaves. 
 
Eucalyptus (Myrtaceae) is both an ecologically and economically important tree 
genus in many parts of the world (FAO 2010, Paine et al. 2011). Eucalyptus species 
are often characterised by sclerophyllous leaves and are associated with low-fertility 
soils common in Australia (Landsberg and Ohmart 1989, Ohmart and Edwards 
1991a, Keith 2004). As for all plants, the chemical and physical properties of 
Eucalyptus leaves change with age; young leaves typically have higher nitrogen 
concentration, moisture content and reduced toughness compared to older leaves 
(Close et al. 2005, Loney et al. 2006; Chapter 4). These factors increase palatability 
of young foliage to many herbivorous insects, and this can result in enhanced insect 
performance when feeding on young compared to older leaves (Rapley et al. 2004, 
Boege and Marquis 2005, Nahrung et al. 2008). Production of new leaves is 
generally driven by water availability in Eucalyptus (Pook et al. 1997, Myers et al. 
1998). Changes in the amount and occurrence of rainfall events may alter the 
relationship of insect herbivores with leaf phenology, potentially affecting diversity 
and abundance of insects within these forests. Furthermore, many plants, including 
Eucalyptus, invest heavily in secondary defence compounds (Moore et al. 2004, 
McKiernan et al. 2014), and the production of these secondary compounds may vary 
throughout leaf development (Silvestre et al. 1997, Goodger et al. 2007, McKiernan 
et al. 2014). 
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We have previously shown that frass production, a crude proxy for insect abundance 
and herbivory, increased after large rainfall events during the spring and summer at 
the Eucalyptus free-air CO2 enrichment (EucFACE) experiment (Chapter 4). This 
increase in insect activity coincided with an increase in leaf area index (LAI) at 
EucFACE (Duursma et al. 2016), suggesting a direct link between the abundance of 
Eucalyptus-feeding insects and leaf phenology. However, no CE effects on frass 
deposition or LAI changes within the first two years of EucFACE were found 
suggesting that insect herbivory and canopy processes may not be impacted by early 
stages of [CO2] fumigation at EucFACE. 
 
The measurement of frass deposition onto the woodland floor does not reveal which 
leaf age class experiences most damage from herbivory. Furthermore, CE may 
change leaf phenology and thereby resource availability for herbivores. It may also 
alter the preference of insect herbivores for different leaf stages if the relative 
palatability of young expanding versus fully expanded (mature) or old leaves 
changes under CE. Any change in the consumption of young expanding leaves may 
therefore affect the recruitment of new leaves to the forest canopy, and place stress 
on plants. LAI measurements are unable to discriminate loss of new leaf production 
between insect removal of leaf area or reductions in NPP. This can result in an 
incorrect estimate and under-evaluation of NPP of forests, particularly if climate 
change factors alter the herbivory of new leaf production.  
 
This study investigated the relationship between insect herbivory and leaf phenology 
of Eucalyptus tereticornis, and the impacts of CE and rainfall patterns on these 
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processes in a mature, evergreen canopy of this tree species forming a naturally 
established woodland. We hypothesised that rates of insect herbivory would respond 
to new leaf production which again would vary across time based on rainfall. It has 
previously been demonstrated that rainfall is the key driver of Eucalyptus leaf 
phenology, including at the study site (Pook et al. 1997, Myers et al. 1998, Duursma 
et al. 2016). The aims of this study were to: 1) compare the monthly levels of insect 
leaf herbivory under ambient and CE conditions within a mature Eucalyptus canopy 
forming woodland for two spring and summer periods at which herbivore activity 
was observed to be highest in the first and second year of EucFACE (chapter 4); 2) 
provide estimates of leaf damage for different leaf age classes (young, mature, old) 
during the same two time periods which included the major new leaf production 
events of E. tereticornis (Duursma et al. 2016), and 3) determine whether specific 
leaf age classes were preferred by insect herbivores and if this preference was altered 
under CE during the first two years of EucFACE. 
 
5.3 Materials and methods 
5.3.1 Study site 
This study was conducted at the Eucalyptus free-air CO2 enrichment (EucFACE) 
experiment located within a native Cumberland Plain woodland remnant (Benson 
1992, Tozer 2003) in Richmond, NSW, Australia (33°37’S, 150°44’E). The 
vegetation at EucFACE has been undisturbed for at least 75 years and retains old-
growth trees mixed with some re-growth. The vegetation community within the 
study site is characterised as Cumberland Shale Plains Woodland (Tozer 2003), with 
mature Eucalyptus tereticornis Sm. as the only canopy forming tree species. The site 
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has an open canopy, approximately 600 trees ha-1 (Drake et al. 2015b) with a low 
density of forbs and occasional shrubs in the understorey, together with a diverse 
community of grasses. The site is on a loamy sand soil of the Richmond Formation 
(Bannerman and Hazelton 1990), which is phosphorus-poor and limits tree growth at 
the site (Crous et al. 2015). The average monthly temperature at the site during the 
time period of this study was 20 ºC with an average monthly rainfall of 73 mm 
(Figure A1-3). 
 
Six large 25 m diameter rings with a height of 28 m above ground, extending above 
the tree canopy, were constructed amongst the vegetation of the site. Adjacent to 
each ring stands a high canopy crane with a person basket that allows access to the 
canopy from above. Each ring also contains a central scaffold tower. Three rings 
were fumigated with CO2 enriched air via a proportional-integral-derivative control 
algorithm (Lewin et al. 2009), while the three remaining rings were control rings, 
fumigated with ambient air. Beginning in September 2012, the target [CO2] in 
treatment rings was increased by 30 µmol mol-1 every month until February 2013; 
thereafter diurnal [CO2] targets within the treatment rings were 150 µmol mol-1 
above ambient levels of ~390 µmol mol-1. Rainfall values were recorded using 
automated tipping bucket gauges (Tipping Bucket Rain gauge TB4, Hydrological 
Services Pty Ltd, Liverpool, NSW, Australia) located 23.5 m above the ground on 
the central tower in three rings. Data from these sensors were logged every 15 
minutes using CR3000 data loggers (Campbell Scientific, Townsville, Australia). 
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5.3.2 Leaf herbivory and leaf production measurements 
From each of the six EucFACE rings three trees were randomly selected and marked 
in the first year, and a different set of three trees per ring was selected and marked in 
the second year. The upper canopy (approximately 17 m above-ground) was 
accessed using the canopy cranes to establish herbivory observation points on each 
selected tree. For each year, 14 branches per tree were tagged. We expected that the 
herbivory measured in the upper canopy was representative for the entire tree canopy 
because it had previously been demonstrated that Eucalyptus trees display a 
homogeneous pattern of herbivory throughout the crown (Lowman 1995). Leaves on 
each branch were numbered sequentially from the base to the proximal end. A black 
permanent marker was used to mark the abaxial leaf surface near the petiole, and this 
has previously been demonstrated not to alter leaf formation or herbivory (Lowman 
1985). New leaves were marked as they emerged behind the shoot tip. Branches and 
leaves were initially marked in October 2012 and branches were then monitored 
monthly until February 2013 during the CO2 ramp-up phase (year 1). Three different 
trees per ring were selected, marked and observed monthly in the second monitoring 
period from August 2013 to March 2014 (year 2).  
 
The surveyed periods coincided with the majority of chewing insect herbivore 
activity, as measured by frass deposition to the woodland floor (Chapter 4) and the 
growth period of E. tereticornis during the austral spring and summer as measured 
by changes in LAI (Duursma et al. 2016). For each of the two years, the initial 
measurements of leaf area in October 2012 and August 2013 were used as a baseline 
to measure subsequent leaf consumption. For this purpose, approximately 100 leaves 
across the 14 branches per tree were marked for the monitoring throughout the 
89 
 
consecutive months. Branches were then surveyed once each month for a period of 
four months (year 1) and seven months (year 2) and assessed for leaf damage and 
new leaf emergence. Leaf damage was recorded in two different ways: firstly leaves 
were classified into three age classes (see below) and monthly leaf damage was 
measured as damage within each of these leaf age classes following the formula 
below; secondly cumulative leaf damage was calculated for individual leaves 
throughout their development during the two observation periods in year 1 and year 2 
of EucFACE. Thus, cumulative leaf damage refers to the total amount of damaged 
occurring within each monitoring period and not over the life of a particular leaf. 
 
Based on size, colour, shape and texture, leaves were assigned to one of three age 
classes for each canopy survey point: young (new expanding leaves), mature (fully 
expanded) and old leaves (Lowman 1985). Age class-specific herbivory was then 
calculated as average damage to leaves of each age class throughout the observation 
periods of each year. For each survey month, scaled digital photographs were taken 
of leaves that were still attached to branches. For this purpose, leaves were flattened 
between a scaled white board and a clear non-reflective plastic sheet (Paul et al. 
2012). Photographs from each month were then compared to photographs taken in 
the previous month. For each month, existing leaf area (LAe) was quantified using 
Adobe Photoshop CS5 (Adobe Systems Incorporated, California, USA) by manually 
tracing the leaf using scaled photographs. Potential leaf area (LAp) i.e. the extent of 
the leaf area if herbivory had not occurred, was determined by manually drawing and 
digitally reconstructing the leaf (Unsicker and Mody 2005). Skeletonising, mining, 
and leaf rolling were rarely observed on marked leaves, and therefore disregarded in 
this study. The recorded damage was exclusively due to removal of leaf area by 
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chewing insects. Monthly increments of leaf consumption were determined with the 
formula (Lowman 1985):  
𝐿𝐿(𝑛+1) =  �1 – ��𝐿𝐿𝑒𝐿𝐿𝑝�  –  𝐿𝐿𝑛�� ∗ 100 
where Lc(n+1) is the proportion (% missing) of leaf area consumed within the 
observation period of one month; LAe is the actual leaf area recorded for that month; 
LAp is the potential leaf area if herbivory had not occurred; and Lcn is the proportion 
of herbivory that had occurred in the previous month. 
 
Total leaf consumption at the end of each monitoring period in years 1 and 2 was 
determined by the sum of the monthly leaf consumption for each respective leaf age 
class per branch per tree for the monitored period. Loss of entire leaves due to 
herbivory was distinguished from leaf loss that may occur as a consequence of leaf 
senescence and abscission. A leaf that had completely disappeared was considered as 
lost due to herbivory if it had signs of herbivory in the previous month, or if an entire 
leaf that was undamaged in the previous month had disappeared except for its 
petiole. A leaf without signs of herbivory in the previous month was considered lost 
due to senescence and abscission if it had disappeared together with its petiole. In 
this case no value of herbivory was assigned. This approach to assign complete loss 
of leaves due to herbivory is a conservative measure as it only covers known 
herbivory. Leaf production was determined by the average number of young new 
expanding leaves present per branch divided by the total number of leaves per branch 
and averaged per tree.  
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5.3.3 Statistical analysis 
Linear mixed effects models were constructed using nlme (Pinheiro et al. 2015) in R 
(v3.2.2, R Development Core Team 2015). The fixed model contained [CO2], month 
and their interaction. The random model included ring with tree as a nested factor to 
account for repeated measures. An autocorrelation function was used in order to test 
for temporal autocorrelation within years, and an autoregressive moving average 
(ARMA) correlation structure was employed to model dependence among 
observations of leaf consumption and leaf production across months using a first-
order autoregressive structure (AR1) (Bader et al. 2013). The number of expanding 
leaves present was log+1 transformed to normalise the model-standardised residuals. 
The relationships of monthly leaf damage with both the average number of young 
leaves per branch and with rainfall, were modelled using linear mixed effects models 
and R2 values were obtained using the r.squaredGLMM function in the MuMIn R 
package (Johnson 2014, Barton 2015). 
 
5.4 Results 
Approximately 3,000 E. tereticornis leaves were measured for herbivory in each year 
across three different age classes. Leaf age classes had a significant effect on leaf 
consumption both in year 1 (F2,30 = 245.654, P < 0.001; Fig. 5-1a) and in year 2 
(F2,30 = 286.435, P < 0.001; Fig. 5-1b). Young leaves incurred approximately ten 
times more leaf damage than either mature or old leaves (averages ranged between 
25 and 32% loss in leaf area for young leaves versus less than 2% loss for mature or 
old leaves) in both years (Fig. 5-1). No significant CO2 treatment effect on leaf 
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consumption was observed across leaf age classes (year 1: F1,4 = 0.399, P = 0.562; 
year 2: F1,4 = 0.042, P = 0.848 ; Fig. 5-1).  
 
 
Figure 5-1 Leaf consumption during three different leaf age classes; young (expanding 
leaves), mature (fully expanded), and old leaves of mature Eucalyptus tereticornis trees 
grown at ambient or elevated [CO2]. 
 
Significant temporal variation in the amount of leaf consumption during the 
monitoring periods was observed in both years (year 1: F3,48 = 10.108, P < 0.001; 
year 2: F6,92 = 30.998, P < 0.001; Fig. 5-2). Monthly leaf consumption peaked in 
December in the first year and in January in the second year. No significant 
difference in monthly leaf consumption was observed between CO2 treatments in 
either year (year 1: F1,4 = 3.992, P = 0.116; year 2: F1,4 = 0.028, P = 0.876; Fig. 5-2). 
Total cumulative leaf consumption observed during the monitoring periods did not 
differ between CO2 treatments (year 1: F1,4 = 6.341, P = 0.066; year 2: F1,4 = 1.681, 
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P = 0.265; Table 5-1). The loss of young leaf production between the years was 
nearing significance with less young new leaf production being lost in the second 
year (F1,4 = , P = 0.051; Table 5-1) 
 
Table 5-1 Mean percentage (± S.E) of total cumulative leaf damage, new leaf production (of 
young leaves) completely lost to herbivory and young leaves which remained undamaged 
during the expansion stage on mature Eucalyptus tereticornis under ambient or elevated 
[CO2] at the EucFACE site over two years. The value of young leaf production that was 
damaged is complementary to the lost and undamaged new leaf production values. 
 
Year 1 Year 2 
CO2 treatment Ambient Elevated Ambient Elevated 
Total cumulative leaf damage (%) 9.9 ± 1.7 16.6 ± 1.1 13.5 ± 2.5 9.0 ± 0.7 
Young leaf production completely lost to herbivory (%) 21.0 ± 5.6 17.3 ± 3.5 9.7 ± 4.3 8.0 ± 3.7 
Young leaf production remaining undamaged (%) 39.3 ± 5.9 27.5 ± 3.5 43.7 ± 3.7 38.0 ± 4.2 
Young leaf production damaged (%) 39.7 ± 4.4 55.2 ± 3.6 48.7 ± 3.8 54.0 ± 4.4 
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Figure 5-2 Monthly leaf consumption experienced by all leaf age classes in year 1 (a) and 2 
(b) and the average number of young expanding leaves observed per branch in year 1 (c) and 
year 2 (d) on mature Eucalyptus tereticornis trees exposed to ambient or elevated [CO2] at 
the EucFACE site.  
 
The average number of young leaves present per branch in the first year peaked in 
November (F3,48 = 21.999, P < 0.001; Fig. 5-2c) while production of young leaves 
was highest in January and February of year 2 (F6,92 = 68.570, P < 0.001; Fig. 5-2d). 
No significant differences in young leaf production were observed between CO2 
treatments in either year (year 1: F1,4 = 7.075, P = 0.056; year 2 F1,4 = 0.114, P = 
0.753). Furthermore, CE did not alter the timing of flush production between year 1 
and 2 (F1,167 = 3.004, P = 0.085). Strong positive correlations were observed between 
the number of expanding leaves present and leaf consumption (R2 = 0.303, d.f. = 
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161, P < 0.001; Fig. 5-3a). Rainfall that occurred two months prior to the monitoring 
data points was positively correlated with leaf production (R2 = 0.317, d.f. = 161, P < 
0.001; Fig. 5-3b). Temperature was also positively correlated with leaf production 
(R2 = 0.137, d.f. = 161, P <0.001; Fig. 5-3c). 
 
The number of new young leaves produced by trees and lost to herbivory did not 
differ as a result of CO2 treatment in either year (year 1 F1,4 = 0.385, P = 0.569; year 
2 F1,4 = 0.148, P = 0.720; Table 5-1). Overall, approximately 37 % of new young 
leaves produced by trees escaped any form of chewing damage (Table 5-1). CO2 
treatments did not affect this percentage of young leaves escaping any form of 
chewing damage in either years (year 1: F1,4 = 0.043, P = 0.846; year 2: F1,4 = 1.060, 
P = 0.361).
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Figure 5-3 Linear mixed effect model regression of young leaf production per branch 
against monthly leaf consumption (a) rainfall from two months prior and leaf production per 
branch (b) and temperature with leaf production per branch (c) observed on Eucalyptus 
tereticornis trees at the EucFACE site under ambient (open symbols) or elevated (filled 
symbols) [CO2] in year 1 (circles) and year 2 (triangles). 
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5.5 Discussion 
Herbivory by chewing insects was measured over the first two years of the EucFACE 
experiment. In the first year, CE was gradually increased from ambient conditions to 
+150 µmol mol-1, while in the second year, CE was maintained at 550 µmol mol-1. 
The two monitoring periods included two major leaf production events, one in each 
year during spring and summer. Independent of [CO2], consumption of young 
expanding leaves was very high and decreased to very low levels once leaves were 
fully expanded. The drastically higher levels of herbivory on young leaves drove 
monthly variations in overall leaf damage by insect herbivores due to the variation in 
leaf production. Furthermore, CE did not affect damage due to herbivory and total 
leaf consumption. This was in line with our expectation that we would not detect 
compensatory feeding because of a previous study in which we detected that foliar 
nitrogen at the EucFACE site was not affected by CO2 fumigation over the first two 
years of EucFACE (Chapter 4).  
 
It was found that herbivory by leaf chewing insects increased with the production of 
new leaves suggesting that insect feeding is synchronised with the emergence of new 
leaves. Insects generally prefer new and young expanding leaves over mature and old 
leaves as a result of higher nutrient content and lower physical defences in new and 
young leaves, particularly in sclerophyllous Eucalyptus leaves (Lowman 1985, 
Nahrung et al. 2008). It has previously been demonstrated that foliar nitrogen 
concentration was higher in flush growth than mature leaves at EucFACE, 
independent of [CO2] (Chapter 4). Herbivory decreased to very low levels in fully 
expanded leaves, suggesting that leaf flush chewers rather than senescent leaf 
chewers were the dominant feeding guild during the monitoring periods of this study. 
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Frass production over the same time period (Chapter 4) displayed a similar pattern of 
increased deposition around the periods of new leaf production (Duursma et al. 
2016). This highlights the importance of new leaf production not only to insect 
herbivores but also for insect-mediated nutrient cycling within forests (Chapter 4).  
 
The findings of herbivory on E. tereticornis in a native woodland confirmed earlier 
studies in other Australian systems. For example, in an Australian rainforest insect 
herbivore damage on young expanding leaves ranged between 10 and 30 % 
depending on tree species, and this fell to less than 5 % once leaves matured 
(Lowman 1985). Similarly, Moles and Westoby (2000) reported that leaf damage to 
expanding leaves from 51 woody dicotyledonous species in a coastal dry sclerophyll 
forest ranged between 0 and 51 %. Irrespective of leaf age, reported total leaf 
herbivore damage in Australian forests ranges between 5 and 44 % (Fox and Morrow 
1983, Landsberg and Ohmart 1989, Lowman 1995, Nooten and Hughes 2013). 
Overall, at EucFACE total herbivore consumption of between 9 and 17 % of leaf 
area was observed, which is in the lower range of previous studies conducted in 
Australian forests. No leaf mining or leaf rolling was observed; therefore the damage 
measured in this study was exclusively due to leaf chewing insects. This is often the 
most common type of leaf damage observed in forests, when compared to other 
insect feeding types (Landsberg and Gillieson 1995, Adams and Zhang 2009, Nooten 
and Hughes 2013). A previous study of herbivory on E. tereticornis as the study site 
also identified leaf chewers as the dominant feeding guild (Lopaticki 2010).  
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The feeding guild of leaf chewers is most likely impacted by CE (Stiling and 
Cornelissen 2007). The responses to CE of two key leaf chewing insect herbivores 
found at the EucFACE site had previously been tested on young E. tereticornis trees 
in greenhouse experiments. The cup moth Doratifera quadriguttata (Lepidoptera: 
Limacodidae) and the leaf beetle Paropsis atomaria (Coleoptera: Chrysomelidae), 
both experienced negative effects of CE such as increased mortality, extended 
developmental times and reduced pupal weights, while both species also displayed 
signs of compensatory feeding (Murray et al. 2013a, Murray et al. 2013b; Chapter 2). 
However, we did not observe any differences in the amount of leaf damage occurring 
to E. tereticornis trees at EucFACE at CE. In other forests undergoing CO2 
fumigation CE has been observed to either decrease (Stiling et al. 2002, Knepp et al. 
2005), cause no change (Hamilton et al. 2004), or increase (Meehan et al. 2014, 
Couture et al. 2015) the amount of leaf damage. These differences in herbivory 
responses to CE across a variety of forest types may be due to the complexity in 
interactions between biotic and abiotic factors which impact insect herbivores and 
therefore herbivory. 
 
The different timing of the major flush production events between the two years at 
EucFACE may have affected the composition of herbivore communities within the 
woodland. Shifts in the timing of flush growth may have detrimental effects on 
herbivores that depend on flush with the potential outcome of an altered insect 
herbivore community structure. Although we did not directly assess insect 
populations our data indirectly suggests that such potential changes in chewing insect 
herbivore populations may have occurred. It appeared that less of the newly 
produced leaves were consumed in the second year, potentially due to the altered 
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timing of flush growth. This may also indicate that there was a shift away from flush 
leaf chewers. In another study that assessed deposition of lerp (small covers of plant 
sap-feeding psyllids) to the woodland floor, a rapid outbreak succession by two 
psyllid species, Glycaspis sp. and Cardiaspina fiscella was detected on E. 
tereticornis after March 2014 (Gherlenda et al. 2016). This suggests that a rapid 
change in the overall canopy insect community composition directly after the leaf 
phenology and herbivory surveys presented here must have occurred. Results 
presents in Chapter 4 demonstrated that less frass was produced by leaf chewing 
insects in 2013/2014 (year 2) than in 2012/2013 (year 1). 
 
This study only focused on leaf-chewing insects, and sap-feeding insects were not 
considered here. This focus on leaf-chewers may underestimate the impacts of 
herbivory occurring in the canopy and the true level of canopy biomass lost to insect 
herbivores in the study site, although we did not find significant numbers of plant 
sap-feeding psyllids until after March 2014 (Gherlenda et al. 2016). Some psyllid 
species can be significant leaf defoliators of Eucalyptus. For example, Cardiaspina 
sp. had previously been demonstrated to cause area-wide defoliation on Eucalyptus 
moluccana but not any other Eucalyptus species in the Cumberland Plain Woodlands 
(Hall et al. 2015). Similarly, Cardiaspina fiscella caused significant defoliation of 
the EucFACE site at the end of 2014 (Gherlenda et al. 2016), after the end of the 
study presented in this chapter. This defoliation occurred because Cardiaspina can 
induce leaf senescence and defoliation (Steinbauer et al. 2014). However throughout 
the surveying period of our herbivory study at EucFACE (from October 2012 until 
March 2014) we did not observe any high abundance of leaf defoliating psyllids 
(Gherlenda et al. 2016). 
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The loss of new and young expanding leaves, as found in this study, may be more 
detrimental to plants than the loss of mature leaves, because the energy and resources 
invested in the production of new leaves have yet to be recovered (Lowman 1985). 
This may impact forest growth and the estimation of carbon storage potential within 
forests and highlights the need to consider the role of herbivorous insects in 
ecosystem functioning (Couture et al. 2015). Removal of leaf material by insect 
herbivores is often not accounted for in models of plant productivity as common 
techniques used to measure productivity, such as LAI (Reich 2012, Walker et al. 
2014), fail to account for the loss of newly produced plant material to insect 
herbivory due to the sensitivity of these measurements. This can complicate 
estimates of NPP and may underestimate true productivity of forests and utilisation 
of forest resources. Furthermore, plant NPP often increases at CE as a result of a 
carbon fertilisation effect (Ainsworth and Long 2005, De Kauwe et al. 2014). 
However, in the early stages of CO2 fumigation at the EucFACE site we did not 
observe an increase in leaf production. This may indicate that mature E. tereticornis 
trees within the site are limited by water and nutrient availability (Crous et al. 2015, 
Duursma et al. 2016), and increased photosynthesis due to CE may also result in 
increased respiration in the ecosystem (Drake et al. 2015b) rather than the production 
of more leaves. 
 
Predictions about damage inflicted by insect herbivores at CE are difficult to make 
under field conditions owing to the complex interactions between plants, insect 
herbivores and their antagonists. This uncertainty in insect herbivore responses 
hinders the ability to accurately determine model-specifications of their response to 
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climate change (Boulanger et al. 2015). Contrary to our original expectations, CO2 
fumigation at the EucFACE site for the first two years did not affect total leaf 
consumption by herbivores or their leaf age preference, in part likely due to the lack 
of response in foliar nitrogen at CE (Chapter 4). However, it is clear that young 
expanding leaves were heavily damaged while fully expanded leaves were not. 
Damage on young foliage is often not accounted for in estimates of forest 
productivity, yet this can amount to substantial underestimates of true forest 
productivity. Rainfall-mediated production of new leaves is an important regulator of 
insect herbivory in sclerophyllous forests due to the physical barriers present in 
mature leaves (Steinbauer 2001), but this research is still underrepresented in climate 
change studies. Shifts in rainfall patterns, a potential outcome of climate change 
(IPCC 2013), can have significant effects on insect community composition, 
herbivory and insect frass deposition. This may have detrimental or positive 
outcomes for ecosystems and humans, for example by stimulating pest populations, 
or regulating ecosystem services that insects provide in native forests and in 
managed plantations. Understanding how rainfall may interact with CE in altering 
insect herbivory and herbivore abundances is important in predicting the impacts of 
climate change variables on insect herbivore population dynamics in forests and 
plantations. 
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Chapter 6 
General Discussion 
6  
The work reported in this thesis examined the effects of elevated CO2 concentrations 
(CE), both in isolation and in combination with elevated temperature (TE), on insect 
herbivore development, physiology and immune function, and the impact of CE on 
herbivory and nutrient cycling in a woodland ecosystem. This was addressed 
experimentally in two sections: firstly, the individual response of the common 
Eucalyptus-feeding leaf beetle Paropsis atomaria to CE and TE was assessed from 
developmental (Chapter 2) and immunological (Chapter 3) perspectives under 
greenhouse and laboratory conditions. Secondly, the response of the insect herbivore 
community to CE was assessed under field conditions at the EucFACE site by the 
measurement of frass production (Chapter 4) and leaf consumption (Chapter 5). This 
research sought to answer the following primary questions: 
1) What is the impact of CE and TE on the growth, survival and 
immunocompetence of a Eucalyptus-feeding insect and is this response 
predictable across the two host plant species tested? 
2) What effect will CE have on insect herbivores in a woodland ecosystem as 
measured by leaf damage and insect-mediated nutrient cycling? Beyond this, 
what will be the loss of leaf area due to herbivory and the contribution of 
herbivory to nutrient cycling in a Eucalyptus woodland ecosystem? 
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6.1 The effects of CE and TE on the physiology of an insect herbivore  
6.1.1 Key findings 
It was hypothesised that CE would have negative effects on the growth, survival and 
immunocompetence of an insect herbivore while TE would ameliorate the effects of 
CE. Overall this hypothesis was supported in respect of CE reducing insect 
performance. This was, however, dependent on the trait investigated and the host 
plant species. Some insect traits responded positively to CE (e.g. melanisation and 
survival on E. robusta), and there was no evidence that TE ameliorated the negative 
effects of CE. CE has previously been reported to alter foliar chemistry often resulting 
in the decrease of leaf nutritional value to herbivorous insects thus impacting 
herbivore physiology and development (Stiling and Cornelissen 2007, Robinson et 
al. 2012). In this study, CE was found to decrease foliar nitrogen and phosphorous 
concentrations while the C:N ratio increased in both Eucalyptus tereticornis 
(Chapters 2 and 3) and E. robusta (Chapter 2). These findings are consistent with 
other studies which reported alterations in foliar chemistry within Eucalyptus species 
grown under CE (Lawler et al. 1997, Murray et al. 2013a). Eucalyptus seedlings 
grown in the greenhouse were lightly fertilised to prevent trees becoming nutrient 
deficient. However, this could result in greenhouse trees growing under more 
nutrient optimal conditions than in the field and therefore disconnecting greenhouse 
findings from situations that are ecologically relevant. However, comparisons of the 
average [N] of trees grown in the greenhouse (Chapter 2) with trees in the field 
(Chapter 4) revealed that [N] concentrations were comparable. This indicates 
Eucalyptus seedlings grown in the greenhouse with some fertilisation were not 
growing under more optimal nutrient conditions than trees growing at the EucFACE 
site.  
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CE indirectly affected P. atomaria life history and immune traits (Chapters 2 and 3) 
via plant mediated effects. CE reduced larval developmental time, pupal weight 
(Chapter 2), haemolymph protein and PO activity (Chapter 3). This has been 
observed in other insect herbivores when feeding on plants grown under CE and is 
largely attributed to reduce foliar nitrogen concentrations and increased C:N ratios 
(Stiling and Cornelissen 2007). However, in this study, CE was further observed to 
positively affect the melanisation response of P. atomaria to foreign bodies (Chapter 
3) and larval survival on one of two host plant species tested (Chapter 2). Improved 
larval survival at CE was only observed when larvae fed on E. robusta, while larval 
survival decreased when feeding on E. tereticornis (Chapter 2). Overall, larval 
survival was highest at CA on E. tereticornis in comparison with other treatments, 
including E. robusta. Although both E. robusta and E. tereticornis leaf chemistry 
responded similarly to CE, the magnitude of change was different between the two 
species. This complex interaction of foliar chemistry and productivity has the effect 
of altering insect herbivore responses to CE with either negative or positive effects on 
insect herbivore physiology. 
 
TE may act directly on insects by altering metabolic rates or indirectly via plant-
mediated effects (Bale et al. 2002, Niziolek et al. 2013). TE had a small positive 
effect on foliar N concentrations in both E. tereticornis and E. robusta while it had 
no other effects on leaf chemistry (Chapters 2 and 3). TE reduced larval 
developmental time, likely a direct effect on the insect as a result of increased 
metabolic rates (Bale et al. 2002). No other life history trait (Chapter 2) or any 
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immunological parameters (Chapter 3) were impacted by elevated temperatures 
within the temperature range tested.  
 
Both host tree species and P. atomaria have broad geographic ranges covering many 
different climate zones (Boland et al. 2006, Schutze et al. 2006) and this may 
dampen their responses to TE. Insects which have either narrow (Buckley and 
Kingsolver 2012) or broad (Andrew et al. 2013a, Overgaard et al. 2014) distributions 
have been observed to be significantly impacted by temperature, while prior 
acclimation to temperatures may alter this response (Andrew et al. 2013a). The 
temperature range in this study was not intended to mimic the extreme temperatures 
experienced by the study organisms within their distribution bounds (e.g. the study 
by Andrew et al. 2013 had a maximum temperature of 45.8 ˚C). The limited response 
observed at TE of the study organisms may be related to their thermo-tolerance at the 
TE treatment (30 ˚C) which may not be nearing the thermo-limit of the study 
organism. Regardless of the origin of insect species or their distribution, the ability to 
tolerate TE appears generally to be phylogenetically constrained (Kellermann et al. 
2012, Hoffmann et al. 2013), but some plasticity in TE tolerances is present within 
widely-distributed insects (Andrew et al. 2013a).  
 
The differing responses of plants and insects to CE and TE reported in this thesis 
(Chapters 2 and 3) suggest there may be an interaction when these two factors 
increase concurrently. Sala et al. (2000) suggested that concurrent changes in CO2 
and temperature would either synergistically or antagonistically interact. In a recent 
meta-analysis, Rosenblatt and Schmitz (2014) concluded that the interactive effects 
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of CO2 and temperature were mostly antagonistic rather than synergistic. No 
significant CO2 and temperature interactions were observed in the work presented in 
this thesis either for P. atomaria or both Eucalyptus species (Chapters 2 and 3). In 
the present study, CE was the key factor in altering P. atomaria physiology, and this 
was mediated by changes in leaf chemistry while TE had minimal effects. CO2 and 
temperature interactions have been observed in a Eucalyptus feeding moth species in 
which temperature mediated the negative effects of CE (Murray et al. 2013a). No 
other studies have been conducted on Eucalyptus-feeding insects under the combined 
effects of CE and TE making it difficult to assess the general responses of these 
insects under predicted climate change, if indeed there is a general response. Further 
to this, there have been limited studies in other forest insect systems which have 
investigated the impacts of CE and TE on plant-insect interactions (Williams et al. 
2000, Johns and Hughes 2002, Veteli et al. 2002, Johns et al. 2003, Williams et al. 
2003, Murray et al. 2013a, Murray et al. 2013b). This limits the ability to assess if 
Eucalyptus insect responses to CE and TE, reported in this thesis, are similar to other 
forest systems.  
 
This study has improved our understanding of insect responses to the combined and 
plant-mediated effects of CE and TE on Eucalyptus-feeding insects. This study also 
contributes to our knowledge about how insect species may respond to climate 
change when feeding on different host plants. The findings of this research indicate 
that, in general, CE will have a negative effect on insect life history traits while 
temperature changes in the tested range will have minimal impact. However, this 
may be dependent on host plant species, as some plant species may have positive 
effects on some insect life history traits when growing under climate change 
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conditions. Further to this, CE may also improve the ability of insects to melanise 
foreign bodies present within their haemocoel, potentially increasing their resistance 
to parasitoids or pathogens. This research provides valuable information for 
understanding insect population dynamics under future climate change, the role that 
plant species identity may have in altering insect population dynamics and the 
potential flow-on effects to parasitic antagonists of insect herbivores. 
 
6.1.2 Constraints of this research 
6.1.2.1 Genetic identity 
The seedlings used in the greenhouse experiments were half-siblings from just one 
population of each tree species, i.e., seed offspring from one tree (while the paternal 
genetic diversity is unknown). This reduced genetic diversity provided the genetic 
standardisation necessary to identify the impact of environmental factors on leaf 
chemistry, however the response of plants to these conditions may vary depending on 
their genetic identity and diversity (Lindroth et al. 2002, Holton et al. 2003, Agrell et 
al. 2005). For example, Drake et al. (2015a) observed positive response (increased 
photosynthetic capacity and total leaf area) to TE of Eucalyptus species from 
provenances in the cooler range of their distribution while Eucalyptus species from 
warmer provenances had negative responses (reduced photosynthetic capacity and 
total leaf area) to TE. 
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6.1.2.2 Tree growth conditions 
Experiments reported in Chapters 2 and 3 were undertaken on potted tree saplings 
within greenhouse chambers; such tree saplings may have different responses 
compared to mature trees (Gunderson and Wullschleger 1994, Curtis 1996) or 
seedlings grown in the ground, including differences between sapling and mature 
trees in FACE study sites (Couture et al. 2014). This may bias predictions of leaf 
chemistry changes and insect herbivore responses to climate change in forests. These 
issues may be overcome by experiments such as those presented in Chapters 4 and 5, 
and undertaken at the EucFACE site. However, imposition of different treatments 
and number of replicates are limited in such field-based experiments. For example, it 
is not feasible to manipulate temperature in forest FACE experiments. 
 
Furthermore, pseudo-replication is an issue that has to be contended with both in 
greenhouse and field experiments. Pseudo-replication studies lack true independence 
between experimental replicates, this lack of independence can arise both in space 
(i.e. within the same chamber) and time (i.e. repeated measures). Pseudo-replication 
can confound results obtained from experiments and interpretations must be made 
within the bounds of these limitations and appropriate statistics used to deal with this 
lack of independence. In experiments reported in this thesis some pseudo-replication 
issues were present which were difficult to totally exclude given the time required for 
trees to grow to a suitable size, restrictions on the number of greenhouse chambers or 
constraints within the field site. Efforts were made to minimise these issues via 
experimental designs and framing hypotheses within the bounds of such designs. 
Statistical methods used in this work were designed to account for these pseudo-
replication effects (Chaves 2010, Davies and Gray 2015) and provide support for the 
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results obtained in the most appropriate way. It is thus important to be upfront about 
pseudo-replication and clearly define what methods were used to minimise their 
impact and place findings within these limitations (Chaves 2010, Davies and Gray 
2015). These issues can limit the extrapolation of such data to a wider ecosystem 
level, however, further studies exploring the links between insects, plants and climate 
change will provided more certainty in this area. 
 
6.1.2.3 Insect immunity 
Assessments of how changes in immune parameters to CE and TE affects the survival 
and development of parasitoids were not made in this study. CE has been observed to 
have no effect on parasitoid survival (Holton et al. 2003, Sun et al. 2011, Yin et al. 
2014) despite the negative effect of CE on immune traits (Yin et al. 2014). However, 
there are few studies linking immune traits with parasitoid survival and development. 
Additionally, the assessment of the immune parameters tested was conducted at 
room temperature while insects and plants developed at experimental greenhouse 
temperatures and such temperature responses may be transient in nature (Siva-Jothy 
and Thompson 2002, Piesk et al. 2013). Thus, the assessment of insect herbivore 
immune parameters reported in this study are very conservative but indicate the 
complexity of immune responses to climate change mediated by leaf chemistry. 
 
6.2 Impacts of CE on herbivory and nutrient cycling in a mature forest  
6.2.1 Key findings 
A large number of studies have been undertaken on the response of insect herbivores 
to CE at the individual species level, but relatively few have been conducted in 
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natural forest ecosystems. One of the most common responses of insect herbivores 
exposed to leaves grown under CE is an increase in consumption in an attempt to 
overcome the decrease in foliar nutrients under these conditions (Mattson 1980b, 
Stiling and Cornelissen 2007). Compensatory feeding was observed for P. atomaria 
(Chapter 2) and Doratifera quadriguttata (Murray et al. 2013a) under greenhouse 
conditions which crudely could lead to suggestions that forests would experience an 
increase in herbivory at CE. The detection of compensatory feeding may be 
dependent on environmental conditions, their interactions and plant species, for 
example it was observed that compensatory feeding did not occur in P. atomaria on 
E. tereticornis when CE and TE were combined (Chapter 2). Furthermore, the 
survival and some aspects of immunocompetence are reduced at CE (Chapters 2 and 
3) which may result in reduced insect herbivore abundances within forests, 
potentially reducing herbivory. Insect herbivory and frass deposition was measured 
in a natural forest undergoing CO2 fumigation in this thesis. It was predicted that 
insect herbivory and frass deposition would decrease at CE, however, no support for 
this was found because herbivory and frass deposition were unaffected by CE. 
 
Insect-mediated nutrient cycling, as measured by frass deposition, was not altered at 
CE (Chapter 4) which mirrored the lack of effect on leaf consumption at the 
EucFACE site (Chapter 5). The lack of response of insects to CE within the 
EucFACE site may be linked to the absence of any changes in leaf nitrogen 
concentration; leaf nitrogen at the EucFACE site was not significantly different at CE 
(Chapter 4). Under greenhouse conditions (Chapter 2 and 3), and in other studies, 
leaf nitrogen has been found to decrease at CE, and this often results in compensatory 
feeding and reductions in insect abundances (Stiling and Cornelissen 2007, Robinson 
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et al. 2012). Several reasons may explain why leaf nitrogen at the EucFACE site was 
unaffected by CE: (1) a delayed onset of reduced N concentrations at CE may have 
occurred due to the age of the E. tereticornis trees and the length of CO2 exposure 
(Gunderson and Wullschleger 1994, Curtis 1996, Ellsworth et al. 2012); (2) the 
EucFACE site is known to be P-limited (Crous et al. 2015) and this may limit the 
responses of E. tereticornis to CE. Insect and plant responses within the EucFACE 
site were assessed within the first two years of CO2 fumigation of mature trees in an 
established woodland. A greater time span may be required to observe changes in 
leaf chemistry of mature plants as a result of CE while other factors such as soil 
nutrient availability or water limitations at the site may also be significant factors. 
 
The study at the EucFACE site, however, demonstrated that herbivory and frass 
deposition were driven by new leaf production rather than by CE (Chapters 4 and 5). 
Many Eucalyptus-feeding insects have a preference for flush foliage as this foliage is 
less tough and generally higher in N (Lowman 1985, Steinbauer et al. 1998, Nahrung 
et al. 2008). Leaf damage during spring and summer almost exclusively occurred on 
expanding leaves while damage was minimal once leaves were fully expanded 
(Chapter 5). Leaf production in Eucalyptus generally occurs after rainfall events 
(Davison and Tay 1989, Myers et al. 1998) and this was the case for E. tereticornis at 
EucFACE (Chapter 5). Strong peaks in frass deposition occurred one month after 
large rainfall events during the warmer months (Chapter 4) in response to the 
subsequent production in leaves. Alterations in the timing of spring/summer rainfall 
may also disrupt the relationship between plants and insects. Frass deposition and 
quality were reduced in the second year of monitoring (Chapter 4). This reduction in 
frass deposition may have been due to the altered timing of rainfall in the second 
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year which potentially uncoupled leaf productivity and insect development resulting 
in a lower abundance of insects independent of a CO2 treatment effect. Rainfall may 
thus be more important to Eucalyptus herbivores than CE, particularly if climate 
change significantly alters rainfall patterns. Continuation of herbivory studies at the 
EucFACE site is required to assess the interactive effect of rainfall and CO2 on insect 
responses. 
 
The work reported in this thesis improves our current understanding of insect 
herbivore responses to CE within an established woodland ecosystem exposed to a 
natural suite of arthropods. So far, only one other study has estimated frass 
deposition in a Eucalyptus forest, but this was in a sub-alpine ecosystem without CO2 
fumigation (Ohmart et al. 1983). Ohmart et al. (1983) observed that frass deposition 
was highest in the summer months, similar to the results reported in this study, and 
estimated the yearly frass deposition with a value between 31 to 63 kg ha-1 which is 
similar to the frass deposition described in North American studies (50 to 80 kg ha-1 
yr-1), including studies which also had CE treatments, (Meehan et al. 2014, Couture et 
al. 2015). This is much less than the range observed in this study (160 to 270 kg ha-1 
yr-1). 
 
The difference in results observed between greenhouse and field studies reported in 
this thesis is interesting and highlights the complexity of interactions that occur 
within natural forests that make it difficult to capture and untangle any treatment 
effects compared with greenhouse studies. This difference may be attributed to time 
lag effects or other environmental factors, such as rainfall, which may be stronger 
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drivers of herbivory and insect-mediated nutrient cycling than CE at the EucFACE 
site.  
 
6.2.2 Constraints of this research 
The frass deposition and herbivory experiments at the EucFACE site had their own 
challenges, and details of this appear in Chapter 4 and will be briefly discussed here. 
This study was conducted relatively early in the application of CO2 at the site, and 
mature trees may have a slower response to CE when compared to saplings or young 
trees (Ellsworth et al. 2012). This may explain the lack of response in leaf chemistry 
and insect responses at CE which may change over a longer time period of CO2 
fumigation. Water availability at the EucFACE site is a limiting factor which is 
important for tree growth and leaf production; this limitation may constrain any 
effect of CE on leaf quality at the EucFACE site. This may mask any response in tree 
growth, leaf chemistry or phenology related to increases in CO2 concentrations. As 
evidenced by results reported in Chapters 4 and 5, precipitation appears to drive plant 
and insect responses at the EucFACE site. Precipitation may therefore interact with 
CE in the future (i.e., CE effects on leaf chemistry) and this may alter insect 
responses. Further analyses of expanding leaves versus mature leaves may also 
reveal differences in leaf chemistry in the future.  
 
The genetic diversity of trees at the EucFACE site is currently unknown. Large 
between-tree variations in leaf herbivory occurred at the EucFACE site both within 
and between rings. Genetic diversity of trees can cause significant variation in insect 
herbivory particularly if anti-herbivory compounds are over expressed (Osier and 
115 
 
Lindroth 2001, Andrew et al. 2007). Flushing of leaves may often not be 
synchronous (Heatwole et al. 1997) which may cause additional variation in leaf 
herbivory within the site. These variations reduced the ability to detect effects at the 
site. More detailed monitoring of trees or branches per tree may reduce this variation, 
however, time and resource limitations precluded increasing the sampling effort. 
 
The EucFACE site is an open system allowing the free movement of insects into and 
out of treatment rings. This free movement of insects may confound the results 
obtained in this study as insects may be attracted or repelled by the CO2 treatments 
(Moise and Henry 2010) and their effects such as volatile emissions which may be 
occurring at the EucFACE site. This situation is unique to FACE sites which create 
gradients of CO2 concentrations which differ from that of a future high-CO2 world 
where these gradients would not exist. However, as leaf N was found to be 
unaffected by CE in the studies reported in this thesis the probability of insect 
behaviour being affected by a CO2 gradient at the site may be minimal, but none-the-
less an important aspect that needs to be considered. 
 
6.3 Areas of future research 
This thesis has highlighted areas for future research which may build on results 
reported in this thesis to provide greater information on how insect herbivores may 
be affected across their entire distribution range by CE and TE as well as any potential 
community structure changes that may occur.  
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6.3.1 Plant and insect provenances 
Plant responses to CE and TE can have significant impacts on insect herbivores which 
feed upon them as seen in Chapters 2 and 3. Throughout their range, plants and 
insects with wide distributions may be differentially affected by climate change. This 
is expected in particular for TE, as thermal limits are already met in the warmer 
regions of species distributions. Drake at el. (2015a) observed two Eucalyptus 
species were negatively affected by TE if seeds originated from warmer provenances, 
while positively affected if seeds originated from cooler provenances. Foliar nitrogen 
concentrations of species with wide distributions have also been reported to decline 
with increasing temperature (Oleksyn et al. 1998, Tjoelker et al. 2008). These 
differences in plant responses towards the warmer edges of distributions may have an 
additional negative effect on insect herbivores which originate from the warmer 
distribution in addition to any direct or indirect stressors of CE and TE. Future 
research that includes the origin of both plant and insect species will provide more 
detailed information about the effects of climate change across a species distribution 
range. This will provide more accurate predictions of future species distributions, 
identify possible community shifts and increased pest potential of insect herbivores.  
 
6.3.2 Secondary metabolites 
The experiments conducted within this thesis have mainly focussed on the changes in 
the primary chemistry of plants and their responses to CE and TE. Although primary 
chemistry is an important aspect in plant-insect responses (Robinson et al. 2012), 
changes in secondary metabolites may be just as important (Ryan et al. 2010), even 
more so for Eucalyptus feeding insects. Future studies should incorporate a more 
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detailed analysis of secondary metabolites; how they respond to CE and TE; and their 
impact on plant-insect interactions.   
 
6.3.3 Forest floor inputs 
The measurement of frass from field study sites such as EucFACE covers only one 
component that is relevant in forest nutrient cycling. Frass can represent a small 
fraction of the total canopy inputs to the soil. For example Meehan et al. (2014) 
reported that in a mixed aspen forest only 2.8 % of the total forest canopy input to 
the soil was attributed to insect herbivores. To accurately determine total forest 
inputs it is vital to measure leaf litter and contrast this with insect herbivore inputs to 
understand carbon and nitrogen flux at the EucFACE site. This may provide insights 
into the dynamics of nutrient cycling at the EucFACE site and how CE may alter 
relative inputs. 
 
6.3.4 Immunity and parasitoids 
The use of abiotic materials to induce an immune response is an appropriate 
technique to assess the impact that climate change may have on this important aspect 
of insect physiology, independent of any induced parasitoid or pathogen response. 
Parasitoids and pathogens of insect herbivores have evolved mechanisms to 
overcome the immune response of insect herbivores (Parkinson et al. 2001, Asgari 
2006) which may become more effective under climate change as a result of the 
stresses placed on insect herbivores. The reduction of haemolymph protein content 
observed under climate change (Chapter 3) may result in the insect host becoming 
nutritionally suboptimal for the parasitoid and thus may impact survival and fitness 
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of the emerging parasitoid. The combined effect of an increase in the melanisation of 
foreign bodies within the insect herbivore’s haemocoel and the reduction in protein 
content under CE might result in reduced survival of parasitoids. Such a negative 
effect on parasitoids under climate change may reduce the top-down suppression of 
insect herbivores. However, studies conducted at FACE sites have observed either an 
increase (Hamilton et al. 2012) or decrease (S.L Facey, personal communication) in 
predatory insects and parasitoids, suggesting complex interactions are occurring at 
CE which is altering the predator-prey and host-parasitoid relationships. Further 
studies investigating the immune response and survival of parasitoids under CE and 
TE will aid in understating of how climate change is impacting insect predator-prey 
and host-parasitoid relationships. 
 
6.3.5 Community composition 
Detailed insect community composition and abundance surveys will be required at 
the EucFACE site to more clearly resolve the impact that CE may be having on 
community structure within a Eucalyptus forest. Detailed knowledge of the 
community composition and whether it is altered under CE, as observed by Hamilton 
et al. (2012), will provide complementary information to that reported in this thesis. 
Insect community composition data will also identify if particular guilds of 
Eucalyptus feeding insects are positively or negatively impacted by CE. Alteration in 
community structure and abundances of insect herbivores may not only impact the 
amount of herbivory occurring within forests, but may also have impacts on nutrient 
transfer as a result of different extraction efficiencies of insect herbivores. Prolonged 
monitoring at the EucFACE site is also required to observe any changes that may 
occur to the insect herbivore population beyond the initial two years of fumigation.  
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6.4 Conclusions 
The work reported in this thesis addressed the main and interactive effects of CE and 
TE on the response of two Eucalyptus species and one of its insect herbivore species 
in greenhouse experiments and the effect of CE on insect herbivory and insect 
mediated nutrient cycling at the EucFACE study site. This study found that CE 
negatively impacted P. atomaria life history traits via plant-mediated effects in 
controlled greenhouse conditions while temperature within the tested range was less 
important (yet may be important beyond the optimal temperature range of this insect 
species). One key finding which emerged from this study is that host plant species 
can significantly alter the response of insect herbivores, including shifts in the host 
plant dependent directionality of changes in life history traits, potentially offering 
some relief to negative impacts of plant mediated effects of CE often found in 
studies. In this study, TE (in the tested ranges) did not ameliorate the negative effects 
of CE nor did TE interact with CE. Interactive effects TE with CE have been observed 
in another Eucalyptus insect herbivore in which TE was able to ameliorate the 
negative effects of CE (Murray et al. 2013a, Murray et al. 2013b). This suggests that 
the effect of temperature increases on insect herbivores may be dependent on the 
thermal tolerance of the study insect and its plasticity to deal with increased 
temperatures, thus altering the outcomes when CE and TE concurrently increase. 
Under natural field conditions the impact of CE on insect herbivores was not clearly 
identified compared to the simplified environment of the greenhouse. The research 
presented in this thesis expands our current knowledge about insect herbivore 
responses to CE and TE when feeding on different plant species. This work will aid in 
developing more accurate predictions of how climate change may alter insect 
120 
 
herbivore community structure, population dynamics and boundaries of insect 
herbivore populations. 
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Appendix A: Supplementary figures 
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Figure A1-1 Principal Components (PC) analysis of foliar traits from (a) Eucalyptus robusta 
and (b) Eucalyptus tereticornis grown in combination of ambient (CA) or elevated (CE) CO2 
concentrations with ambient (TA) or elevated (TE) temperature on the first two components 
(PC1 and PC2). Ellipses represent the 95 % confidence intervals for each respective 
treatment.  
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Figure A1-2 Average monthly maximum temperature recorded at the EucFACE site 
between October 2012 and October 2014. 
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Figure A1-3 Total monthly rainfall (bars) and average monthly temperature (circles) 
at the EucFACE site. 
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